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ABSTRACT 
 

Sean Foley: Control and biomechanics in coarticulation: insights from an ultrasound study of 
Standard Mandarin apical vowels 

(Under the direction of Elliott Moreton and Jeff Mielke) 
 
 
 This study investigated the extent to which speaker-induced control and biomechanics 

play a role in determining the outcome of spatial coarticulation. Employing ultrasound tongue 

imaging, coarticulatory effects from and induced on adjacent consonants were quantified as 

measures of coarticulatory resistance and aggressiveness for the two apical vowels of Standard 

Mandarin in comparison to the three corner vowels. The results show that the two apical vowels 

are much less resistant to coarticulatory effects than the vowels [i a u], and they often do not 

induce larger effects on adjacent consonants than these vowels, due to speaker-targeted effects. It 

was also found that the retroflex apical vowel was consistently more resistant and aggressive 

than the dental apical vowel, due to biomechanical differences. Together, both of these findings 

implicate the roles of speaker control and biomechanics in coarticulation and highlight the need 

for a model of coarticulation to include both of these factors. 
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Chapter 1. Introduction 
 
1. Introduction & Overview 

 The current study investigates the coarticulatory behavior of Standard Mandarin apical 

vowels, which are phonetically unique segments whose articulatory configuration is not well 

understood. In Standard Mandarin, there is a co-occurrence restriction on the high front vowel [i] 

following dental and retroflex sibilants (Duanmu 2007, Lin 2014). In place of the high front 

vowel, these sibilants are instead followed by voiced nuclei produced with either a raised tongue 

tip or a raised tongue blade (Lee-Kim 2014, Faytak & Lin 2015). While most analyses consider 

these segments to be allophones of /i/, given that they are in complementary distribution, the 

articulation of these segments is more consonant-like. Given these facts, linguists have proposed 

a number of opposing analyses of these segments, including characterizing them as syllabic 

fricatives, syllabic approximants, or apical vowels (Duanmu 2007, Lee-Kim 2014). However, 

despite the evidence supporting each analysis, no previous study has investigated how these 

segments are coarticulated with adjacent segments in connected speech.  

 Models of coarticulation tend to highlight the role of either biomechanics, which is seen 

as automatic, or language-specific grammatical features, which are speaker-controlled, in 

determining the amount of contextual variability permitted for a given segment (Solé 2007). 

However, it is largely believed that both factors are at play in all coarticulation (Keating 1984, 

Ladefoged 1984). As it concerns the apical vowels of Standard Mandarin, prioritizing either of 

these factors leads to different predictions on the coarticulatory resistance and aggressiveness of 
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these segments compared to typical dorsal vowels. In short, this study investigates the extent to 

which both of these factors can determine the outcome of spatial coarticulation (also referred to 

as “gestural conflict”) (Farnetani & Recasens 2010). To investigate the interaction between these 

two factors, this study employed ultrasound video to analyze the coarticulatory resistance and 

aggressiveness of the Standard Mandarin apical vowels, comparing them to the three corner 

vowels of the language.  

 The results show that both apical vowels have very low resistance to coarticulatory 

effects compared to typical dorsal vowels, and tend to also not induce stronger coarticulatory 

effects on adjacent segments than those same vowels. This supports the view that speakers can 

control certain aspects of coarticulation, and that this control can override or supersede 

biomechanics. It was also found that the dental apical vowel is less resistant to coarticulation and 

less aggressive than the retroflex apical vowel, which is likely due to differences in 

biomechanics. In aggregate, these results point towards a certain balance between control and 

biomechanics that must be present in speech production. Only through a combination of both 

factors can the observations made here be fully accounted for. 

 This thesis is organized as follows. Section 2 details previous models of coarticulation, 

and highlights the two sides that are to be assessed in the current study, the biomechanical and 

controlled phonetics sides of coarticulation. Section 3 outlines Standard Mandarin phonology, 

the phonetic characteristics of the apical vowels, and previous analyses of these segments that 

have been proposed. Section 4 presents the main aims and hypotheses of the current study and 

Section 5 details the methodology used to address these research questions and hypotheses. 

Section 6 lays out the results of the study broken down into coarticulatory resistance and 



 3 
 

aggressiveness. Finally, Section 7 discusses the implications of the results in connection to the 

hypotheses and previous research and Section 8 offers brief conclusions.  
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Chapter 2. Coarticulation 
 
2.1 Introduction 
 
 One of the core facts about speech production is that speech segments are not produced in 

such a manner that they are neatly segmented one after the other, but rather that in continuous 

speech, there is significant overlap in the articulatory gestures that define segments. This is 

known as coarticulation. The focus of the current study is how the apical vowels of Standard 

Mandarin are coarticulated with adjacent segments and how they compare in their coarticulatory 

behavior to that of dorsal vowels in the language. Before introducing the apical vowels of 

Standard Mandarin, an overview will be given of models of coarticulation and the intersection 

between coarticulation, phonetics, and phonology. The introduction to this section will detail 

previous discussions on the nature of coarticulation and whether its foundations are purely 

biomechanical (automatic) or speaker-controlled (or some combination of both).  

 Farnetani & Recasens (1999) state that there are two aspects of coarticulation that are 

crucial to models of coarticulation: a) the temporal domain and b) the outcome of gestural 

conflict (the spatial domain). The current study will focus on the second aspect. Gestural conflict 

can be defined as the production of certain adjacent segments resulting in antagonistic demands 

being put on the articulators. In some models, coarticulatory variation is dependent on the degree 

to which gestures share articulators (Browman & Goldstein 1990, Fowler & Saltzman 1993). In 

other models, the outcome of gestural conflict is largely dependent on the requirements put on 

the articulators by each of the segments involved in the “conflict”. In brief, the segment that 
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imposes stricter requirements on the articulators has a larger effect on the outcome of the 

gestural conflict (Recasens et al. 1997).  

 One means of exemplifying the spatial domain of coarticulation is to re-imagine 

segments as “waves” (Joos 1948, Fowler & Saltzman 1993). Figure (1) shows three overlapping 

articulatory gestures that reflect the reality of speech production. Each gesture has its own 

specified articulatory goal or target, which may come into conflict with the goals of the adjacent 

gestures. When gestures overlap, the specified articulatory goal for a given gesture adapts to this 

overlap, thus affecting how this goal is achieved. For example, in Figure (1), as gesture 1 is 

produced the adjacent gesture 2 is anticipated before completion of gesture 1, resulting in 

potential shifting of the target for gesture 1 in the direction of the target for gesture 2. If gesture 1 

were a velar stop [k] and gesture 2 were a high front vowel [i], expected anticipatory effects 

would be fronting of the dorsum raising gesture for the [k], as [i] is articulated with similar 

tongue dorsum raising gesture, albeit more forward in the vocal tract.  

 

Figure (1). Representation of a sequence of three overlapping articulatory gestures (Fowler & Saltzman 1993, as 
presented in Farnetani & Recasens 2010). Reproduced with permission from the rightsholder.  
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 As it concerns gestural conflict, much of the discussion within this domain has focused 

on how much of gestural coordination is controlled versus mechanical or “inevitable” (Solé 

2007). Theories of coarticulation tend to focus on one or the other, with the primary difference 

between the two being that mechanical effects are seen as being not targeted by the speaker, 

while the controlled effects are those the speaker targets (Solé 2007). The former results in what 

some have termed “universal phonetics” and the latter is seen as being responsible for language-

specific differences in coarticulation and articulatory timing (Cohn 1993, Keating 1984). To 

illustrate this difference, Keating (1984) investigated three proposed phonetic universals cross-

linguistically (extrinsic and intrinsic vowel duration and voicing timing). After showing that each 

is in fact not universal, Keating declared that phonetics is unlikely solely attributable to universal 

biomechanics alone, but rather also language-specific phonetic implementation rules.  

 Below, both the biomechanical and “controlled phonetics” sides of coarticulation will be 

discussed in detail. As will be shown, prioritizing either of these two sides in coarticulation leads 

to quite different predictions concerning the coarticulatory behavior of the apical vowels in 

Standard Mandarin. While it is largely agreed that both factors are likely present in 

coarticulation, the exact nature of this interaction is still to be fully determined (Keating 1984, 

Ladefoged 1984).  

2.2 The biomechanical side of coarticulation 

 Speech production models have long assumed the role of vocal tract kinematics and 

physiological constraints on the coordination of segments and coarticulation. Early models, such 

as Perkell (1969) and Öhman (1966), posit a clear separation between the production of 

consonants and vowels. Perkell (1969) proposes a division of articulatory activity into the two 

classes of consonants and vowels, with vowels being produced with the larger, slower, extrinsic 
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muscles that control tongue position, and consonants being produced with the precise, more 

complex, and faster muscles. Similarly, Öhman (1966) hypothesizes three sets of muscles are 

involved in the production of the two classes, with each having separate neural representations. 

Both Öhman (1966) and Perkell (1969) hold that in speech production consonantal gestures are 

superimposed on continuous vowel gestures. The model of coarticulation proposed in Fowler 

(1980) makes similar claims in distinguishing the two classes.  

 These early models have clear influences on more recent speech production models, 

particularly concerning gestural coordination and coarticulation. The framework of Articulatory 

Phonology (AP) proposes that the phonological primitives are composed of articulatory gestures, 

and that gestures form the most basic units of contrast among lexical items (Browman & 

Goldstein 1990, 1992). In combination with the Task Dynamics (TD) model (Saltzman & 

Munhall 1989), gestures are defined in terms of vocal tract constriction tasks modeled as point 

attractor systems.  

 Within the AP/TD model, tiers are used to model the overlap of articulatory gestures, 

with there being articulatory tiers, e.g. velic and glottal tiers, and functional tiers, e.g. consonants 

and vowels. Along the same lines as the earlier models, consonantal gestures are assumed to be 

superimposed on continuous vowel gestures (Browman & Goldstein 1990). In coarticulation 

involving dorsal vowels and consonants, placing them on separate tiers results in more in-phase 

gestural activation at both the functional and articulatory level, and overall less significant 

overlap than gestures associated with the same tiers. Gestures associated with the same 

functional and articulatory tiers would result in a more antagonistic overlap of the relevant 

gestures and is resolved via blending. This follows directly from the earlier models in that the in-
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phase coordination between consonants and vowels is thought to originate in the two classes 

being produced with different motor systems.  

 Models of coarticulation that have its basis in the AP/TD framework are often referred to 

as “coproduction” models (Farnetani & Recasens 2010). Coarticulation is seen in these models 

as not simply gestural overlap, but rather “coproduction”, in which simultaneous commands are 

received for a given set of articulators. According to Fowler & Saltzman (1993), gestures are 

specified for blending strength, which in turn determines the outcome of gestural conflict. The 

gesture specified for a higher blending strength dominates the “weaker” gesture. In addition, 

blending strength is specified both for constriction degree and constriction location for any given 

gesture. Similar to Lindblom (1983), Fowler & Saltzman (1993) state that blending strength 

varies inversely with gestural sonority, with stops being the strongest and vowels the weakest. 

Blending strength is also dependent on the extent to which a given pair of gestures shares 

articulators. More recently, blending strength has been modified to account for language-specific 

differences, but the within-language differences in task-level blending strength still appear to be 

determined biomechanically (Iskarous et al. 2012).   

 Gick et al. (2013) put forth a purely biomechanical model of coarticulation based entirely 

on the intrinsic biomechanics of the human body, rather than any local interactions via advance 

planning on the part of the speaker. In this model, a computer simulation was used to model 

patterns of coarticulation between consonants and vowels, based on a coupled tongue-jaw-hyoid 

model, with the goal of replicating realistic coarticulatory interactions exhibited in articulatory 

studies (Recasens & Espinosa 2009). The overall claim is that the purely biomechanical model is 

sufficient to simulate realistic coarticulatory behavior without the presence of advance planning, 

contextual information, or extrinsic modelling. This implies that the outcome of gestural conflict 
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and gestural coordination can be modelled if only the biomechanical specifications for a given 

set of gestures is known.  

2.2.1 The DAC model of coarticulation 

 One highly influential model of coarticulation that emphasizes the role of biomechanics 

is the Degree of Articulatory Constraint (DAC) model (Recasens et al. 1997). This model 

proposes that segments are assigned a DAC value, which corresponds to the degree of resistance 

or aggressiveness a segment exhibits in coarticulatory scenarios (lingual coarticulation 

specifically). A higher DAC value corresponds to both a higher rate of coarticulatory resistance 

(CR) and coarticulatory aggressiveness (CA), which studies have found are both highly 

correlated. The underlying assumption is that the DAC value is dependent on the degree to which 

a segment constrains the tongue dorsum (TD) during its production. For example, palatals, which 

are articulated with a raised TD towards the hard palate, are believed to require a high degree of 

TD activation, and are thus given the highest DAC value, while labials, which are articulated 

with the lips and have a neutral tongue position are given the lowest DAC value.  

 Based on these general principles and numerous articulatory studies, a DAC hierarchy 

has been proposed that groups both consonants and vowels relative to one another according to 

their CR and CA values. Based mostly on data from Catalan, the general hierarchy for 

consonants by place is: palatal > velar > dental/alveolar > labial; by manner: fricatives > stops > 

approximants; and for vowels, the hierarchy is: i, e > a > u (Recasens & Rodriguez 2016, 

Recasens & Espinosa 2009).  

 Two recent ultrasound studies on Catalan have tested the predictions of the DAC model, 

namely the proposed hierarchies and that there should be a positive correlation between CR and 

CA. Recasens & Rodriguez (2016) used nonsense VCV sequences in Catalan to investigate both 
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C-to-V and V-to-C coarticulation. In this study, the vocal tract for each speaker was divided into 

four regions: alveolar, palatal, velar, and pharyngeal. This allowed the authors to determine at 

which specific regions a given segment either allows or disallows coarticulatory effects. For 

example, the dental fricative /s/ was found to be highly resistant to coarticulatory effects at the 

place of articulation, likely due to the strict requirements placed on the articulators in order to 

produce turbulent airflow, while allowing more coarticulation at the TD. Following the same 

methods, Recasens & Rodriguez (2018) used aC##Ca sequences (## represents a word 

boundary) to look at C-to-C coarticulation. Results from both studies largely corroborate the 

predictions of the DAC model, while also providing a model for investigating coarticulation 

using ultrasound. The current study will adopt methods employed in these two studies to 

measure CR and CA.  

 Certain assumptions regarding the dichotomy between consonants and vowels are also 

made within the DAC framework that are consistent with the general biomechanics that 

distinguish the two classes described above. In the initial proposal of the DAC model, Recasens 

et al. (1997) state that “for a given DAC value, consonants are more constrained than vowels”. 

Along the same lines, Recasens & Rodriguez (2016) state that the production requirements for 

consonants are stricter than those of vowels. This latter statement is based on the prediction that 

assimilatory effects occur mostly in sequences of adjacent constrained and unconstrained 

segments. V-to-C and C-to-V coarticulation between a highly constrained consonant and vowel 

would represent instances of assimilation as the vowel is predicted to be less constrained. These 

notions appear to derive from the biomechanical aspects described above. As consonants make 

use of quicker, more precise lingual dynamics, stricter requirements of the tongue are imposed so 

as to ensure to the successful realization of the target constriction location and degree. Vowels on 
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the other hand require less strict control of the tongue to be realized, due to their slow, and more 

global morphing of the vocal tract.  

 Numerous studies from other languages have confirmed the general prediction of the 

DAC model, in that TD activation is a predictor of coarticulatory resistance. In an articulatory 

study on geminate stops in Kannada, Kochetov et al. (2014) found the retroflex geminates to be 

overall more resistant to coarticulation than the dental geminates. This is attributed to the 

different production mechanisms used by each set of segments. Dentals are produced with an 

arch motion of the tongue, while the retroflex segments are produced with forward thrust of the 

entire tongue body, which requires greater stabilization of the tongue body itself to execute 

(Iskarous 2005). This greater constraint put on the tongue body during the retroflex geminates is 

seen as the source of its greater resistance to coarticulatory effects.  

 Two studies on coarticulation in Mandarin have also confirmed the general predictions of 

the DAC model. Using the concept of mutual information (from information theory) Chen at al. 

(2015) found the palatal vowel [i] to be more resistant to coarticulation than both [a] and [u] in 

Taiwan Mandarin. Employing both locus equations and EPG data on CV and VCV sequences in 

Standard Mandarin, Li et al. (2012) saw a high degree of coarticulatory resistance in alveolo-

palatals, dentals, and retroflexes, a mid-degree in alveolars, and a low degree in velars and 

labials. The low degree of CR in velars compared to other places of articulation may be 

attributable to cases where a tongue body lowering maneuver associated with tongue tip or blade 

raising actually ends up putting stricter requirements on the tongue body than tongue body 

raising gestures (Recasens & Pallares 2001).  

 The implications of the predictions of the DAC model should be noted. The DAC model 

implies that biomechanical specifications alone can determine how resistant to coarticulation a 
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given segment is. No role is given to either the phonetic or phonological component of the 

grammar. This means that each segment is considered essentially in isolation rather than being 

considered part of a larger phonological system. For example, the DAC model would not make 

different predictions for a velar stop in a language that contrasts alveolar, palatal, and velar stops 

from one in a language that only contrasts dental and velar stops (all else being equal). The other 

side of coarticulation, referred to as the “controlled phonetics” side will be described in the next 

section.  

2.3 The “controlled phonetics” side of coarticulation 

  Despite the evidence suggesting much of the outcome of gestural conflict can be 

attributed to physiological constraints on the production mechanisms of certain segments, many 

studies have shown considerable cross-linguistic differences in the extent of coarticulation. In his 

study on coarticulation in VCV sequences, Öhman (1966) compared V-to-V coarticulation 

across three languages and found that, compared to English and Swedish, Russian permitted very 

little trans-consonatal coarticulation. Öhman attributed this to the palatalized versus non-

palatalized consonant contrast in Russian limiting the extent to which the tongue body can be 

manipulated by adjacent vowels. In a similar study, Choi & Keating (1991) found limited V-to-V 

coarticulation in Russian and other languages with the palatalized/non-palatalized consonant 

contrast (Polish and Bulgarian) in comparison to those without this contrast.  

 Work on anticipatory and carryover nasalization also shows robust cross-linguistic 

differences that appear to be dependent on whether nasalization is used contrastively in a 

language’s vowel system. Cohn (1993) argues that the amount of nasal airflow present during the 

production of a vowel is determined by the status of nasalization in the grammar. In a language 

such as English where nasalization is not used contrastively in vowels, greater anticipatory and 
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carryover nasalization is permitted on vowels. However, such effects do not persist over the 

entire duration of the vowel, exhibiting a more gradient than categorical effect. In French, which 

contrasts nasal and oral vowels, anticipatory velum lowering in vowels is quite limited in oral 

vowels so as not to lead to confusion with its nasal counterpart (Cohn 1993). 

 In connection to vowel coarticulation, Manuel (1990, 1999) proposed that the extent of 

vowel coarticulation is permitted by “output constraints”. In this model, the output constraints 

are dependent on language-specific systems of phonetic contrast, e.g. the more dense the system 

of contrast within a given vowel space, the less vowel coarticulation is permitted. This is based 

on studies of V-to-V coarticulation across languages that differ in the density of their vowel 

systems. In a study comparing three Bantu languages, Manuel (1990) found that the language 

with the most crowded vowel space showed the least amount of anticipatory V-to-V 

coarticulation.  

 Similar results were found in comparison of dorsal consonants in English to those of 

Australian languages (Butcher & Tabain 2004). Butcher & Tabain (2004) found more consistent 

retraction in velar stops as a result of adjacent non-front vowels in three Australian languages 

than in English. One potential explanation they offer for this is the denser system of place of 

articulation contrasts in the three Australian languages compared to English. Retraction of the 

velar stops in the Australian languages was seen as an effort to keep the velars distinct from 

neighboring alveolo-palatals.  

 The views offered by Cohn (1993), Manuel (1990, 1999), Butcher & Tabain (2004), and 

others mentioned in this section fall under what is being termed here the “controlled phonetics” 

view of coarticulation. This term is adopted from Kingston & Diehl (1994) who posit that 

phonetics is controlled in the sense that speakers recognize the phonetic consequences of 
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articulatory constraints on production or perception, and may thus alter their behavior to 

compensate or avoid consequences of these constraints. The assumption is that this knowledge 

rests within an intermediate device that links the phonetics and the phonology of a language. 

Others have posited that language-specific phonetic implementation rules are present in the 

grammar and govern phonetic outputs (Cohn 1993, Keating 1984). In an effort to remain 

agnostic on the exact nature of the separation between phonetics and phonology, no stance will 

be made on this issue here. However, the assumption is made here that there is a phonetic 

component of the grammar that governs phonetic implementation and coarticulation.  

 The “window” model of coarticulation (Keating 1990) is a well-known example that 

makes concrete claims regarding the role of language-specific phonetic rules in coarticulation. In 

this model, each feature value of a segment has a range of possible spatial values for any given 

articulatory dimension, referred to as a “window”. The size of the window is connected to the 

range of contextual variability of a certain feature value, e.g. a wider window permits more 

contextual variability. One clear example demonstrating this comes from velum position in 

English. Vowels in English are not contrastive for nasality and are therefore unspecified for the 

[Nasal] feature, resulting in a wide window for this feature. This is thought to explain the 

observation that vowels in English are highly susceptible to anticipatory or carryover velum 

lowering from adjacent nasal consonants. Central to this model is the proposal that phonological 

underspecification may persist into phonetic implementation (Keating 1988). Based on this, at 

the stage of phonetic implementation, unspecified features will result in wide windows, thus 

permitting more extensive contextual variability for that feature, as in the example of vowel 

nasalization in English.  
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 If we assume that coarticulation is a process that is both controlled (Kingston & Diehl 

1994) and planned for by speakers (Whalen 1990), it can also be reasonably hypothesized that 

speakers can voluntarily execute a lack of control when it is permitted. Adopting the notion of 

speech economy (Lindblom 1983), speakers could minimize the effort involved in controlling 

any set of articulators when the danger of this action interrupting intelligibility of their utterance 

is minimal. A similar argument was made for the vowels of Marshallese in Choi (1992). As 

Marshallese has a vertical vowel system, Choi (1992) argues that all vowels in the language are 

unspecified for [Front/Back], resulting in their F2 values being entirely determined by the 

surrounding consonants. Experimental evidence corroborated this proposal that the vowels in 

Marshallese do not have intrinsic F2 targets (Choi 1992). In the case of Marshallese, speakers 

can exhibit a lack of control when it comes to tongue fronting and backing effects from adjacent 

consonants because such coarticulatory effects do not endanger any vowel contrasts in the 

language, as they only contrast in height.  

 The models described in this section highlight a different side of coarticulation than the 

DAC model. As stated above, the DAC model assumes that the outcome of spatial coarticulation 

is reliant upon the degree to which a segment constrains the tongue dorsum during its production. 

Such a model is essentially “blind” to the system of contrast in which a given segment exists. On 

the other hand, the “controlled phonetics” side focuses on the role of language-specific systems 

of contrast. However, this side is not necessarily blind to the role of biomechanics. If two 

segments were to exist in the same phonetic space and have mostly equal roles in maintaining 

contrast in the language, biomechanics could then decide which segment is more resistant to 

coarticulatory effects. In these cases, the amount of control needed by the speaker for each 

segment is also equal, allowing for biomechanics to take over from there. This highlights the 
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interaction between these two sides of coarticulation. However, as noted by Solé (2007), the 

challenge is teasing these two factors apart in studying speech production.  

 The current study will apply these models of coarticulation to the coarticulatory behavior 

of the apical vowels in Standard Mandarin. Section 3 will provide the relevant background on 

Standard Mandarin phonology and its apical vowels.  
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Chapter 3. Overview of Standard Mandarin and its apical vowels 
 
3.1 Introduction 

 Standard Mandarin is the official language of the People’s Republic of China and Taiwan 

and is one of the national languages of Singapore. The term “Standard” is used to refer to the 

variety of Mandarin most commonly spoken by inhabitants of Mainland China in the public 

domain, including television and radio. This variety should be distinguished from local 

vernaculars, e.g. Southwestern Mandarin spoken in Yunnan and Sichuan provinces or Taiwanese 

Mandarin, which may differ from Standard Mandarin in certain phonological characteristics. The 

following sections will provide an overview of the phonology of Standard Mandarin and its 

apical vowels, which are the focus of the current study.  

3.2 Standard Mandarin phonology 

 This section provides a brief outline of Standard Mandarin phonology. Having a general 

understanding of Standard Mandarin phonology will aid readers in clearly seeing the role the 

apical vowels play in the language and how the stimuli were designed to control for certain 

features that may affect the results of the study.  

3.2.1 Lexical tone 

 Standard Mandarin is a lexical tone language in which pitch distinctions are used to form 

contrasts among lexical items. In total, the language employs four contrastive tones and one so-

called “neutral” tone. The four tones which use pitch to contrast lexical items are detailed in 

Figure (2). As can be seen, the use of different pitch distinctions allows for contrastive meanings 
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of syllables composed of the same segments. In Figure (2) the Chao tone numerals are used in 

the phonetic transcription to indicate the pitch values for each of the tones (Chao 1930), e.g. 55 

for high level tone and 35 for mid-high rising tone.  

Tone 1 妈   [ma]⁵⁵  ‘mother’ 
Tone 2 ⿇   [ma]³⁵  ‘hemp’ 
Tone 3 ⻢   [ma]²¹⁴  ‘horse’ 
Tone 4 骂   [ma]⁵¹  ‘scold’ 

Figure (2). Lexical tones of Standard Mandarin (Duanmu 2007). 

3.2.2 Consonants 

 Standard Mandarin has 22 consonants, all of which are shown in Figure (3). Excluding 

the velar nasal /ŋ/, which can only occur in the coda position, all of the consonants can occur in 

the syllable onset. Relevant to the current study, the language has a three-way place contrast in 

sibilants: dental, retroflex, and alveolo-palatal. There is some disagreement over whether the  

series of palatals [tɕ tɕʰ ɕ] are phonemic or not, due to phonotactic restrictions on dental and 

retroflex sibilants before high front vowels, with only the palatals permitted in this position 

(Duanmu 2007, Lin 2014). Analyses differ in whether they are derived from an underlying 

dentals or velars through a palatalization rule (Duanmu 2007, Wu 1994). However, it is worth 

noting that the palatals contrast with the dental and retroflex sibilants before [a] and [əu] (Lin 

2014). Based on this, many other analyses consider the palatals to be independent phonemes 

(Cheng 2011). 

 Further support for viewing the palatals as phonemic comes from Hauser (2020), who 

recently showed how the palatals induce F2 raising effects on the following vowel and that this 

raising effect persists across the entire vowel. Hauser (2020) posits that this is the result of 

phonological spreading of the [+front] feature to the following vowel and that this is only viable 
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if the palatals are considered to be underlying segments. Based on these previous analyses, this 

study will consider the palatals to be distinct phonological categories.  

 In addition, as shown by Ladefoged & Wu (1984) and Proctor et al. (2012), the segments 

often referred to as “retroflex” might be more accurately described as postalveolar, as they 

usually lack the canonical curled up tongue tip characteristic of retroflexes (Mielke et al. 2016). 

Nonetheless, Ladefoged & Wu (1984) state that the differences between the three sibilant series 

are difficult to ascribe to place of articulation differences alone. In keeping with the previous 

literature, this paper will continue to refer to these segments as “retroflex”.  

 Labial Dental Retroflex Alveolo-
palatal 

Velar 
 

Stop p pʰ t tʰ   k kʰ 
Affricate  ts tsʰ ʈʂ ʈʂʰ tɕ tɕʰ  
Fricative f s ʂ ʐ ɕ x 

Nasal m n   (ŋ) 
Liquid  l    

Figure (3). Consonant inventory of Standard Mandarin (Based on Duanmu 2007). 

3.2.3 Vowels 

 There is considerable disagreement on the number of vowel phonemes present in 

Standard Mandarin, with most proposals ranging from four to six (Lin 2014). The five-vowel 

proposal of Duanmu (2007) is adopted here, as it the most widely adopted and it serves its 

purpose for the current study. The phonemic vowels are shown in Figure (4). Each vowel can be 

assigned one of the four tones to distinguish words.  

high i  [ɿ]/[ʅ]         y  u 

mid  ə  

low  a  

Figure (4). Phonemic vowels of Standard Mandarin (Duanmu 2007). Apical vowels are included as allophones of 
/i/. 
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 In addition to the five vowel phonemes, the apical vowels (1) are included in the figure as 

they are the focus of the current study. Despite being absent from the IPA, the symbols used to 

represent the two apical vowels here are those traditionally used by Sino-Tibetanists (See Lee-

Kim 2014 for an alternate transcription). As with many aspects of Standard Mandarin 

phonology, there is some debate on the phonological status of the apical vowels. Some analyses 

consider the apical vowels to be allophones of /i/, considering that they are in complementary 

distribution (Wan & Jaeger 2003, Cheng 2011). The vowel [i] occurs after the palatal series, e.g. 

[tɕi tɕʰi ɕi], while the apical vowels occur after homorganic sibilants, e.g. dentals [tsɿ tsʰɿ sɿ] and 

retroflexes [ʈʂʅ ʈʂʰʅ ʂʅ]. The phonetic characteristics of the apical vowels will be discussed in 

more detail in Section 3.3 and a more detailed overview of previous analyses of these segments 

is presented in Section 3.4. 

  [ɿ]/s__     dental apical vowel 

      [ʅ]/ʂ__     retroflex apical vowel 

3.3 Phonetic characteristics of apical vowels in Standard Mandarin 

 This section describes the phonetic characteristics of the two apical vowels of Standard 

Mandarin, based on previous studies on the segments. Section 3.3 then addresses how the 

phonetic characteristics of the segments have led to differing phonological analyses of them. As 

discussed above, in Standard Mandarin, there is a three-way place contrast among sibilants, with 

the language contrasting dental, alveolo-palatal and retroflex sibilants, e.g. /s ɕ ʂ/. One interesting 

consequence of this three-way place contrast is the co-occurrence restriction on the high front 

vowel /i/ following dental and retroflex sibilants, e.g. *si *ʂi. In these contexts, in place of the 

high front vowel, there occurs two apical segments, [ɿ] and [ʅ], which occur only after sibilants 

they are homorganic with, e.g. [sɿ] and [ʂʅ]. Although “apico-dental/alveolar” and  “apico-

(1) 
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postalveolar” may be potentially more accurate phonetic descriptions of the segments (Faytak 

2018), the names in (1) will be used here in keeping with the previous literature.  

 The apical vowels can be described in articulatory and acoustic terms. In terms of their 

articulation, the segment [ɿ] tends to be articulated with a raised tongue tip, while [ʅ] is usually 

articulated with a raised tongue blade, with both segments having a coronal place of articulation 

(Lee-Kim 2014, Faytak & Lin 2015). SSANOVAs of midsagittal tongue traces can be seen for 

both segments in Figure (5) in comparison to that of [i] from SP_02. In this figure, each 

SSANOVA spline represents a best fit line for all tongue traces for that segment, providing a 

summary of the tongue shape for that segment. As can be seen, compared to the raised tongue 

dorsum of [i], both apical segments have a lower tongue body and either the tip or blade of the 

tongue is raised toward the alveolar ridge or anterior palate.  

 Lee-Kim (2014) also notes that these segments are homorganic with the preceding 

sibilants, thus the overall tongue shape for the two apical vowels closely resembles that of their 

onsets. Lee-Kim (2014) showed that over time the transition from the sibilant to the apical 

vowels involves a slight lowering of the tip or blade of the tongue, resulting in a cessation of the 

frication noise, giving the segments an approximant-like constriction.  

 Faytak & Lin (2015) found significant inter-speaker variation in the articulation of the 

two segments, with some speakers employing different lingual adjustments than found in 

previous studies. One notable case is a speaker who raises the tongue dorsum when producing 

both apical segments, as opposed to speakers who only raise either the tongue tip or blade. 

Nonetheless, Faytak & Lin (2015) report that most speakers in their study exhibit the 

approximant-like articulation found in Lee-Kim (2014). While most studies agree on the tongue 

tip/blade raising feature of the segments, questions remain as to the role of the tongue dorsum in 
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the production of the two apical vowels. In a cross-dialectal study of apical vowels in Sinitic, 

Huang et al. (2021) found significant cross-dialectal variation in the articulatory postures used to 

produce the two segments, but relatively consistent formant values, suggesting stable perceptual 

goals for the segments.  

 

Figure (5). SSANOVAs of midsagittal tongue contours for [i ɿ ʅ] for SP_02. Anterior is to the right. [i] is red; [ɿ] is 
green; [ʅ] is blue. Both axes are in millimeters.  

  

 On the acoustic side, both segments exhibit clear formant structure and can host lexical 

tone contrasts. Figure (6) shows the two apical vowels in the normalized F1 x F2 space and F3 x 

F2 space with the three peripheral vowels [i a u]. Both segments tend to have a higher F1 than is 

typical for a high vowel, around 500 Hz or higher, with their formants placing them centrally in 

the vowel space. The main acoustic differences between the two lie in their F2 and F3 values. 

The dental segment has a lower F2, but much higher F3 than the retroflex segment. One 

noticeable characteristic of the retroflex segment is its particularly low F3 that often comes very 

close to its F2. Lee-Kim (2014) attributes this to the rhotic quality of the segment, with most 

rhotics exhibiting a very low F3 cross-linguistically (Hussain & Mielke 2021). In her acoustic-
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articulatory model of the apical vowels, Lee-Kim (2014) attributes the low F2 of the dental 

segment to the long back cavity behind the dental constriction, while the low F3 of the retroflex 

segment is posited to be the result of the raised tongue blade and large sublingual cavity forming 

an acoustic pole that appears as a low F3.  

 There has been some debate on whether or not the apical vowels have fricative noise 

targets. As will be discussed in more detail in Section 3.4, many linguists long considered these 

segments to be “syllabic fricatives”, with the presence of frication noise only being described 

impressionistically. More recent studies have cast considerable doubt on this position. Lee-Kim 

(2014) found that speakers did occasionally produce some amount of frication noise during the 

apical vowels, but this attributed to gestural overlap with the preceding sibilant. Faytak & Lin 

(2015) found similar results, but one speaker in their study produced frication noise during the 

apical vowels that the authors do not attribute to the preceding sibilant. However, the measures 

of frication noise employed in both studies can still be described as impressionistic. To remedy 

this, Faytak & Shao (2022) revisited this topic and employed zero-crossing rate as a measure of 

frication noise. Their results systematically show that the frication noise present during the apical 

vowels is limited only to the onset, and is likely attributable only to the preceding sibilant.  

 In sum, the articulation of both segments resembles that of a coronal approximant, while 

their complementary distribution with /i/ and the fact that they only occur in the syllable nucleus 

suggests they are vowel-like. These characteristics have led to some difficulty and debate in how 

to best analyze these segments. In Section 3.4,  I will highlight the three most commonly referred 

to analyses of these segments. In general, previous references to or discussions of the apical 

vowels have referred to one or more of these three analyses.  
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Figure (6). Nearey-normalized (Nearey 1978) midpoint F1 x F2 space (left) and F3 x F2 space (right) for [ɿ] and [ʅ] 
compared to [i a u] pooled across all subjects in the study, with 95% confidence ellipses. Apical vowels are in 

shades of blue and dorsal vowels are in shades of red.  

 

3.4 Previous analyses of Standard Mandarin apical vowels 

 One widely adopted view is that the segments in question are syllabic fricatives (Duanmu 

2007, Wiese 1997). In this analysis, the apical segments are triggered by an empty nuclear slot 

which allows the [+fricative] feature of the onset to spread to the empty nuclear slot, thus also 

activating the [Coronal] feature. In this case, Lin (2014) states that the empty nuclear slot is filled 

via epenthesis, and an assimilation rule then triggers the spread of the consonantal features. The 

apical vowels would then not be derived from an underlying phoneme, but rather only result 

from feature spreading. Within this view, the segments are essentially the voiced counterpart of 

the voiceless onset.  

 The implications of this analysis are worth noting. First, the spreading of the [+fricative] 

assumes that the segments in question have a fricative noise target as they would be specified for 
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this feature. As shown by Faytak & Shao (2022), these segments are not produced with frication 

noise. However, articulatory data has clearly shown that the segments do share the [Coronal] 

feature with their onsets, which lends some support to this feature having been spread (Lee-Kim 

2014, Faytak & Lin 2015). Second, the phonetic implications of having a sibilant occur in the 

nucleus are significant. Based on previous research on the phonetic properties of syllabic 

consonants, such a syllable type would form the equivalent of a consonant cluster (Pouplier & 

Benus 2011). This entails that a cluster of sibilants is permitted in a language that normally only 

allows consonant plus glide combinations, not to mention the rarity of such a cluster (Ridouane 

2008).  

 The view that the apical vowels are derived from an empty nuclear slot appears to also 

disregard diachronic analyses of these segments. Few disagree on the historical development of 

the apical vowels, in which the high front vowel became fully coarticulated with its dental and 

retroflex sibilant onsets, thus inheriting their consonantal features (Chen 1976, Bell 1978) (See 

Section 3.3.1 for further discussion on this). Adopting the perspective that diachronic analyses 

trump synchronic ones, unless strong evidence is presented otherwise (Blevins 2004), we can 

reject the notion that the segments are derived from an empty nuclear slot.  

 The more traditional analysis adopted by many Sino-Tibetanists is that the apical 

segments are apical vowels. This view stems from the observation that the segments are in 

complementary distribution with the high front vowel /i/, have clear formant structure, and can 

host lexical tone contrasts (Howie 1976, Wan & Jaeger 2003). Faytak (2018) recently proposed 

expanding the traditional vowel space to include “non-dorsal vowels”, including Standard 

Mandarin apical vowels and fricative vowels in other Sinitic varieties, e.g. Shanghainese and 

Suzhou. While the acoustic-articulatory implications of this model are yet to be developed fully, 
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such a model may be able to account for the attested acoustics and articulations of apical vowels 

and provides a foundation for considering these segments as vowels.  

 Recently, Lee-Kim (2014) has argued forcefully for these segments to best be analyzed as  

syllabic approximants. As stated above, acoustic evidence shows a lack of frication noise during 

the production of the segments, suggesting that the segments cannot be fricatives. Evidence 

against the apical vowel analysis comes from the fact that the segments exhibit an acoustic-

articulatory “mismatch”, in that the more fronted segment [ɿ] has a lower F2 than the more 

posterior segment [ʅ]. This is inconsistent with traditional notions of vowel backness, where a 

lower F2 indicates a higher degree of backness. Support for the syllabic approximant view stems 

largely from articulatory-acoustic models, which Lee-Kim (2014) posits are only consistent with 

previous models of approximants.  

 Dismissing the apical vowel argument due to an acoustic-articulatory “mismatch” is only 

viable if we consider these segments in the traditional F1 x F2 vowel space designed for dorsal 

vowels (Honda 1996). As pointed out by Feng (2007), if the constriction for a vocalic segment is 

located more forward in the vocal tract than [i], F2 becomes a resonance of the back cavity rather 

than the front cavity as is typical for vowels. As such, the more forward the constriction is the 

longer the back cavity, resulting in a lower F2, which is exactly what is observed in the apical 

vowels.  

 Despite the varying analyses of these segments, the exact nature of these segments is still 

not well understood, due to lack of sufficient data. Previous studies have only investigated the 

phonetics of these segments in fixed contexts, with no study having looked at how the apical 

vowels are coarticulated with adjacent segments (other than their onsets that is).  
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3.4.1 The apical vowels as a form of cue enhancement 

 This section elaborates on the analysis of the Standard Mandarin apical vowels put forth 

in Lee-Kim (2014) and focuses on the claim that these segments arose in order to maintain the 

three-way sibilant contrast present in the language and enhance cues to the place of articulation 

of their onsets. This claim has major implications relevant to the role of the apical vowels in 

Standard Mandarin phonology and the coarticulatory behavior they exhibit.  

 Diachronic analyses of Standard Mandarin and other Sino-Tibetan languages have 

proposed that the apical vowels in these languages arose through a process of high vowel 

“apicalization”, whereby the high front vowel [i] became fully coarticulated with the sibilant 

onsets [s] and [ʂ] (Chen 1976, Baron 1974, Foley to appear). The idea is that when what was 

once a two-way contrast between sibilants became a three-way contrast, this contrast became 

particularly weak and unstable before [i], with two potential outcomes. Either a) the anterior 

sibilant contrast is neutralized before [i] via palatalization or b) the high front vowel is apicalized 

or retracted to preserve the three-way contrast. Standard Mandarin clearly went the route of 

“apicalization” of [i] after the two anterior sibilants, a change that Bell (1978) notes is 

particularly rare.1  

 Lee-Kim (2014) makes sense of the development of the apical vowels as a form of cue 

enhancement to the place of articulation of the preceding sibilant. In contrast to languages where 

the high front vowel retracts to a high central vowel in this situation, e.g. Polish, Lee-Kim (2014) 

posits that the use of apical vowels is preferable from an acoustic-auditory perspective. In 

particular, the formant cues of the apical vowels themselves act as a form of enhancement to the 

 
1 While undoubtedly cross-linguistically rare, this change appears to be relatively common within Sino-Tibetan, and 
particularly within the Sinosphere. This brings up the question of whether or not the apical vowels were simply 
borrowed into these languages via Standard Mandarin or rather the result of independent changes.  
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cues present in the frication noise generated by the preceding sibilants, namely the low F2 of the 

dental apical vowel and the low F3 of the retroflex apical vowel. The intrinsic low F2 of the 

dental segment is associated with the long back cavity behind the dental constriction, and the low 

F3 is associated with the large front cavity formed by raising the tongue blade. Furthermore, the 

homorganic property of the apical vowels allows them to not interfere with the articulation of the 

preceding sibilants (Lee-Kim 2014).  

 The apical vowels as a form of cue enhancement analysis suggests the role the segments 

play in the phonology of Standard Mandarin is simply to serve as a kind of “placeholder” that 

preserves the cues that distinguish the two anterior sibilants, thus protecting the three-way 

sibilant contrast in the language. As both segments do not occur after any other segments in the 

language, this analysis appears to summarize the functional load of the two apical vowels. This 

implies that the apical vowels should be resistant to coarticulatory influences that may obscure 

cues to the place of articulation of the preceding sibilant. The concern then in the context of the 

present study is to ascertain the extent of resistance needed for the apical vowels to carry out this 

role.  
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Chapter 4. Experiment background and aims 
 
4.1 Introduction 
 
 This section will provide a brief overview of the use of ultrasound for phonetics research, 

followed by an outline of the aims and hypotheses of the current study. Ultrasound imaging has 

been used to study speech production since it first came into clinical use in the 1960s and 1970s, 

and advancements in image processing have allowed researchers to effectively measure tongue 

shapes since the 1980s (Gick 2002). In recent decades, the use of ultrasound for phonetics and 

phonology research has proliferated, along with the advent of the laboratory phonology 

movement. The benefits of using ultrasound are numerous, including that it is relatively 

inexpensive, non-invasive, and is more portable than other imaging techniques such as MRI and 

electromagnetic midsagittal articulography (EMMA).  

 Ultrasound works by emitting an ultra high-frequency sound wave that then reflects off 

objects, and images their shape and movements. To do this, an ultrasound transducer is placed at 

the edge of an object or surface and sound passes through the object until it reaches an 

impedance, which in turn causes a reflection. For imaging tongue contours, the transducer is 

placed underneath the chin and the sound travels upwards to be reflected by any upper surface, 

which is typically the upper surface of the tongue (Stone 2005). The transducer can be rotated to 

produce either a sagittal or coronal image of the tongue.  

 The current study employed ultrasound imaging to investigate the coarticulatory behavior 

of Standard Mandarin apical vowels in comparison to the three peripheral vowels of the 
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language. In particular, the focus of the study is measuring coarticulatory resistance and 

aggressiveness, the specifics of which are detailed in Section 5.4. In measuring coarticulatory 

resistance and aggressiveness in the two apical vowels, the main aim of the current study is to 

investigate the interaction between two sides of coarticulation, one automatic and the other 

controlled. The first side focuses on the role biomechanics play in determining the outcome of 

coarticulation, and the second side emphasizes the role of language-specific systems of contrast 

and speaker control. 

 No previous study has investigated the contextual variability of the apical vowels in 

Standard Mandarin, with most of the previous research having focused on their relationship with 

their onsets. In addition, this is the first study I am aware of that has looked at coarticulatory 

resistance and aggressiveness in Standard Mandarin using ultrasound. Furthermore, as noted 

above, the articulation of the apical vowels is still not well understood, with precise acoustic-

articulatory models of the segments being relatively under-developed. The current study acts also 

as a means to better understanding the articulatory mechanisms used to produce the two 

segments and aids in furthering models of their production.  

4.2 Research Questions 

 This section introduces the key research questions addressed in the current study. In 

accordance with the discussion above, the current study will address the following research 

questions: 

 1) How resistant and aggressive are Standard Mandarin apical vowels in coarticulation 

 compared to other vowels in the language? 

 2) Can the coarticulatory behavior of apical vowels provide insight into the interaction 

 between control and biomechanics in coarticulation? 
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 3) Do the predictions of the DAC model of coarticulation hold for the apical vowels? 

 4) Can the coarticulatory behavior of apical vowels provide support for previous 

 phonological analyses of these segments? 

4.3 Hypotheses 

 This section outlines the main hypotheses of the current study. As highlighted above, the 

focus of the current study is the coarticulatory behavior of the apical vowels within the larger 

discussion on the roles of control and biomechanics in coarticulation and potential implications 

this behavior may have for previous analyses of the apical vowels.  

 As noted above, emphasizing the role of  biomechanics or speaker control in 

coarticulation leads to different predictions concerning the apical vowels. The hypotheses 

emphasizing both sides are detailed below.  

  
 Hypothesis 1a: The apical vowels will have higher coarticulatory resistance and 

 aggressiveness than at least [a] and/or [u].     

 

 Hypothesis 1a stems from a view that emphasizes purely biomechanical bases in 

determining the outcome of gestural conflict. As noted above, such a view purports that the 

physiological constraints for a given segment determine how susceptible that segment is to 

coarticulatory effects.  

 In the case of the apical vowels, previous articulatory studies have shown that both 

segments tend to closely resemble their preceding sibilants and involve either a tongue tip or 

blade raising gesture. These apical and laminal gestures differ considerably from the gestures of 

the vowels [i a u] in Standard Mandarin. As such, from a biomechanical perspective, the level of 

control necessary to produce these tongue tip/blade raising gestures is overall more severe and 
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likely places more constraints on the tongue dorsum to successfully realize these gestures than 

the gestures of the two vowels [u] and [a]. The vowel [i] is still predicted here to be the most 

resistant to coarticulation as it is palatal, and its production involves overall greater activation of 

the tongue dorsum.  

 Chen at al. (2015) showed that in Taiwanese Mandarin [i] is more resistant to 

coarticulation than both [a] and [u], but no significant difference was found between [a] and [u]. 

If we assume that the corner vowels of Taiwanese Mandarin behave similarly to those of 

Standard Mandarin, we can expect a coarticulatory resistance hierarchy of [i] > [a, u] to hold. 

While both apical vowels are expected to be less resistant to coarticulation than [i], it is predicted 

that the level of articulatory control necessary to produce both segments should render them 

more resistant to coarticulation than [a] and/or [u], depending on which segment is shown to be 

less resistant. In either case, the apical vowels are not predicted to be significantly less resistant 

to coarticulation than both [a] and [u].  

 On the side of coarticulatory aggressiveness, all models of coarticulation assume greater 

conflict the more the two gestures share articulators (Fowler & Saltzman 1993). The assumptions 

regarding the dichotomy between the use of the extrinsic and intrinsic tongue muscles during the 

production of consonants and vowels and the phonetic characteristics on the apical vowels 

suggest they share more articulators with a typical consonant than do typical dorsal vowels. 

Based on this, it is expected that the two apical vowels should induce greater coarticulatory 

effects on the adjacent consonants than the three corner vowels of Standard Mandarin.  

 

 Hypothesis 1b: The apical vowels will exhibit less coarticulatory resistance and 

 aggressiveness than [i a u].   
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 Hypothesis 1b stems from the “controlled phonetics” side, where the role of language-

specific systems of contrast is emphasized. Adopting the view that the two apical vowels act as 

allophones of [i] and based on them having a very limited distribution in the language, it can be 

reasoned that their low functional load reduces the need to tightly control these segments during 

their production. They are in no danger of being confused with any other segment and based on 

the contrast enhancement view (Lee-Kim 2014), they function primarily as a “placeholder” to 

preserve the relevant sibilant contrasts, with many of the relevant cues already being present in 

the preceding sibilant itself. Therefore, applying the notion of speech economy (Lindblom 1983), 

speakers could exhibit a lack of control when producing both segments, as there is no need to 

otherwise. This would lead to the apical segments being highly susceptible to coarticulatory 

effects.  

 It has also been suggested that in cases where a language has a single phone (or fewer 

phones) in a particular phonetic space, it might be expected that more variability is tolerated in 

this phone (Manuel 1990, Keating & Huffman 1984). Due to their clear articulatory differences 

compared to [i a u], the apical vowels could be said to exist in a separate phonetic space, along 

the lines of the model of non-dorsal vowels posited in Faytak (2018). The non-dorsal vowel 

space is then particularly sparse compared to the dorsal vowel space in Standard Mandarin. As 

such, the segments that occupy the non-dorsal vowel space, the apical vowels, should be 

permitted more variability. This should result in the apical vowels exhibiting overall less 

resistance to coarticulation than the other vowels.  

 The acoustic-articulatory relations of both segments also act as evidence for them being 

located in a separate phonetic space. While the formants of the apical vowels have led to some 

placing them centrally in the vowel space of Standard Mandarin (Mok 2013), this would ignore 



 34 
 

the articulatory-acoustic relations of these segments. As their constriction location is further 

forward than [i], their F2 is a resonance of the back cavity, while the F2 of the three corner 

vowels is a resonance of the front cavity. 

 Another way of viewing this prediction is through the lens of the “window” model of 

coarticulation, discussed above (Keating 1990). As stated in Keating (1990), segments that are 

unspecified for particular features permit more variability in those same features. It is possible 

that both apical vowels are unspecified for any of the traditional vowel features, e.g. [Back] or 

[High], as these may be lost in the phonetic implementation rule that specifies the change of [i] 

à [ɿ]/s__ (likewise for [ʅ]). Should this be the case, they would likely be more susceptible to 

coarticulatory effects along these dimensions compared to vowels that are specified for these 

features, as is the case for [i a u]. A similar argument was made for the vowels of Marshallese in 

Choi (1992). As Marshallese has a vertical vowel system, Choi (1992) argues that all vowels in 

the language are unspecified for [± Front/Back], resulting in their F2 values being entirely 

determined by the surrounding consonants. Experimental evidence corroborated this proposal 

that the vowels in Marshallese do not have intrinsic F2 targets (Choi 1992).   

 

 Hypothesis 2: Coarticulatory resistance and aggressiveness should be positively 

 correlated across all of the vowels. 

 

 Hypothesis 2 originates from the predictions of the DAC model of coarticulation 

(Recasens et al. 1997). The main prediction of the DAC model is that coarticulatory resistance 

and aggressiveness should be positively correlated. Therefore, this hypothesis acts as a test of 



 35 
 

this central claim of the DAC model. This is also predicted within the AP/TD via the concept of 

blending strength (Fowler & Saltzman 1993, Saltzman & Munhall 1989).  

 

 Hypothesis 3: The retroflex apical vowel [ʅ] should have higher CR and CA than the 

 dental apical vowel [ɿ]. 

 

 Hypothesis 3 follows from the biomechanics of the two apical vowels, and it could be 

argued that focusing on either the biomechanical side or “controlled phonetics” side would lead 

to this prediction. From the perspective of the phonetic grammar, both apical vowels exist in the 

same phonetic space and their roles in maintaining contrast in the language are essentially equal. 

Therefore, an equal amount of control in producing both segments is required of the speaker. As 

noted above, the “controlled phonetics” side allows for biomechanics to take over in this 

situation.  

 Previous research has shown that the constriction for the dental segment [ɿ] is made with 

the tongue tip, and the constriction for the retroflex segment [ʅ] is made with the tongue blade. 

Therefore, the articulatory strategy of the former can be described as apical and the latter as 

laminal. It has been shown that apicals and laminals tend to be produced with different 

articulatory mechanisms (Iskarous 2005). Apicals are produced with an arch motion of the 

tongue, while laminals are produced with a forward thrust of the entire tongue body, which 

requires greater stabilization of the tongue body itself to execute (Iskarous 2005). Kochetov et al. 

(2014) found that retroflex geminates in Kannada were more resistant to coarticulation than 

dental geminates, with the source of this being the apical versus laminal difference in production.  
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 In addition to the tongue blade raising gesture, some studies have shown that the retroflex 

apical vowel is often produced with a raised tongue body (Faytak & Lin 2015, Huang et al. 

2021). Both the forward thrust and TD raising gestures of the retroflex segment suggest overall 

stricter requirements put on the tongue body during this segment than the dental apical vowel. As 

a result, it is predicted that the retroflex segment should have higher CR and CA than the dental  

apical vowel.  

 

 Hypothesis 4: The apical vowels will be more resistant to coarticulation at  the place of 

 articulation than other regions in the vocal tract. 

 

 Hypothesis 4 is based on the analysis proposed by Lee-Kim (2014) that the apical vowels 

act as a form of cue enhancement to the place of articulation of the preceding sibilants. 

According to this view, the apical vowels developed to prevent any obscuration of the cues to the 

place of articulation of dental and retroflex sibilants before /i/ via palatalization. If this analysis is 

valid, we would expect the apical vowels to be highly resistant to any contextual effects that may 

obscure its ability to act as a form of cue enhancement. As such, the homorganic property of the 

apical vowels is predicted to be more stable than other components of their articulation. It is 

worth noting that such a hypothesis is not necessarily expected to hold for dorsal vowels. Models 

of speech production tend to suggest that vowel production involves a more global shaping of the 

vocal tract rather than the more local obstruction of the vocal tract as is typical for consonants 

(Fowler 1980). This highlights the different role of the apical vowels in Standard Mandarin 

phonology compared to the dorsal vowels.  
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Chapter 5. Method 
 
5.1 Introduction 

 This study employed ultrasound video to image the tongue during the production of the 

apical vowels and other target segments. Below, I will describe the experiment background, 

outlining the participants included in the study (5.1), the materials used (5.2), the general 

procedure for the experiment (5.3), and lastly, the approach to analyzing the data (5.4), 

particularly as it concerns quantifying CR and CA.  

5.2 Participants 

 Native speakers of Standard Mandarin were recruited to participate in the study. Native 

speaker status was based on whether the individual was born and raised in mainland China. All 

participants were screened prior to their participation in the study. Potential participants were 

asked basic questions about their place of birth, where they grew up, and the language(s) they 

use when communicating with their parents. Persons who indicated that they mostly 

communicated with their parents using a local dialect, e.g. Southwestern Mandarin, were 

excluded to avoid any potential dialectal differences in pronunciation.  

 Recruitment was done through email/social media and contacts with the Chinese 

community in the Triangle area, targeting primarily the NC State University student body. In 

total, seven speakers participated in the study. None of the speakers reported a history of speech 

and/or hearing disorders. Two speakers’ data was excluded from the data analysis due to errors 

in placing the ultrasound probe, leaving five total speakers (Table 1). All five speakers were 18-
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25 years of age and were current or former students of NC State University. Three speakers were 

from northern provinces (Liaoning, Shandong, Shaanxi) and two were from central/southern 

provinces of China (Henan, Jiangsu).  

Speaker Sex Province 
SP_02 F Liaoning 
SP_04 M Shandong 
SP_05 F Shaanxi 
SP_06 M Henan 
SP_07 M Jiangsu 

Table (1). Overview of participants included in the present study. 

5.3 Materials 
 
 The stimuli used in the study consist of 48 disyllabic nonce words. The target segments in 

the first syllable are the four vocalic segments [ɿ ʅ i a u], with three different onsets [s ʂ ɕ]. Due 

to phonotactic restrictions, each apical vowel occurs only after a homorganic sibilant, while [i] 

occurs only after [ɕ]. Furthermore, [u] occurs only after [s] and [ʂ]. The second syllable consists 

of the consonants [tʰ s ʂ ɕ x kʰ] with [a] serving as the nucleus. These six consonants were chosen 

to represent a range of both manners and places of articulation. Labial obstruents were excluded 

as the focus of the study is lingual coarticulation specifically. Affricates were excluded as their 

coarticulatory effects are not expected to differ significantly from the stops and fricatives already 

present in the stimuli. The sonorants [n l] were not included so as not to overweight the 

dental/alveolar place of articulation. The total disyllabic sequences includes all combinations of 

the target first syllable and second syllable, detailed in the Table (2)2. 16 fillers were also used, 

which were also disyllabic and contained syllables and tones not present in the target stimuli. 

 

 
2 Although traditionally the sequence [ɕa] has been transcribed as [ɕia], I follow the analysis of Ladefoged & 
Maddieson (1996) in that there is a “normal transition” from [ɕ] to [a] in these sequences.  
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C1 V1 C2 V2 

s ɿ a u tʰ s ɕ ʂ x kʰ  a 
ʂ ʅ a u   
ɕ i a   

Table (2). Target segments used to design the stimuli. Stimuli consisted of all combinations of the first and second 

syllable. 

 Regarding tone, Shaw et al. (2016) demonstrated that the “physiology of pitch control” 

induces considerable effects on the articulation of vowels in Standard Mandarin across the four 

tones. To control for these tonal effects, each syllable in every disyllabic pair has the same tone, 

T1 for both syllables. All disyllabic words are nonce words due to there being a limited number 

of disyllabic words in the language with the desired segment combinations and tones. Table (3) 

shows one target first syllable followed by all possible second syllables, representing the full 

range of contexts. The same six characters were used to form the second syllable for all possible 

first syllables. The full list of stimuli and fillers appears in Appendix 1.  

 

 

 

 

 

 

Table (3). Full range of contexts for the fixed first syllable of [sɿ] among the target disyllabic sequences. 

 One confound potentially introduced by using nonce words in a language that one does 

not speak natively is accidentally creating a real word, e.g. internet slang, resulting in lexical 

frequency effects for that word. To prevent this, all stimuli were presented to five native speakers 

C1V1C2V2 Standard Mandarin Pinyin 

sɿ kʰa 斯咔 si ka 

sɿ tʰa 斯他 si ta 

sɿ sa 斯仨 si sa 

sɿ ʂa 斯砂 si sha 

sɿ ɕa 斯瞎 si xia 

sɿ xa 斯哈 si ha 
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of Standard Mandarin, with each speaker being asked to indicate if they had seen or were 

familiar with any of the nonce words. All five of the speakers confirmed that all 48 nonce words 

were unfamiliar to them and that they had not seen them previously.  

 All stimuli were randomized using a random number generator before being presented to 

the participants. Five different randomizations were used, with SP_02 and SP_07 seeing the 

same randomization and all others seeing a different randomization. Five repetitions of all 

stimuli and fillers were included in the total list that was randomized, allowing each speaker to 

be presented with all stimuli a total of five times. All stimuli were presented within the carrier 

phrase below: 

我觉得___很好  
wə²¹ tɕyei³⁵ də __ xən³⁵xau²¹³ 
“I think ___ (is) very good” 

 

 This carrier phrase was chosen as it is a commonly used phrase in Standard Mandarin and 

it has  a schwa before the target phrase. While the phrase itself is common, the presence of the 

nonce words in the blank renders the entire sentence meaningless3.  

5.4 Procedure 

 The experiment took place in the phonetics lab of NC State University, headed by Dr. 

Jeff Mielke, and all procedures were approved by the UNC-Chapel Hill IRB. All 

experimentation was done using equipment owned by NC State University. The ultrasound 

images were recorded using an Articulate Instruments Micro portable ultrasound machine. This 

involved placing a small probe underneath the participant’s chin to produce a 2D image of the 

 
3 One speaker noted that one of the fillers used in the study [tǔ tàn] 堵但 ‘congested-but’, while meaningless in 
isolation, can generate some meaning when placed within the carrier phrase. This is due to one being able to 
interpret each syllable individually, rather than as a disyllabic word. However, this is not expected to have had a 
significant impact on the speakers’ productions of the target phrases.  
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tongue surface. Two different probes were used across speakers depending on which probe 

produced a better image of each speaker’s tongue. The larger probe was a microconvex 

transducer with a 2-4MHz frequency range and a 20mm radius and it was used with SP_06 and 

SP_07. The smaller probe was a microconvex transducer with a 5-10MHz frequency range and a 

10mm radius and it was used with all other speakers. The tip of the probe was covered in gel to 

improve image quality. The probe was also mounted to an Articulate Instruments stabilization 

headset (Articulate Instruments Ltd. 2008). The headset can be adjusted to fit the subject’s head 

via various pads and straps. Audio was also recorded using a digital audio recorder headset that 

was fitted over the headset used for stabilization. All audio recordings were synchronized with 

the ultrasound video to allow for segmentation.  

 All participants were seated in a sound-attenuated booth located in the lab. Before 

recording, participants were familiarized with the stimuli and the carrier phrase, which were 

written using simplified Chinese characters. Participants were then fitted into a head stabilizer, 

which the ultrasound transducer can be attached to. Stabilization is essential as it allows for 

controlling for head movement when analyzing tongue contours. After being fitted in the 

headset, participants were asked to swallow water for the palate images to be generated. The 

palate image will later serve as a reference point for determining constriction locations relative to 

one another. Each participant was also asked to hold a tongue depressor between their teeth and 

press their tongue against the bottom of it, in order to visualize the occlusal plane (the imaginary 

plane between the upper and lower teeth), which serves as a useful reference for subsequent 

cross-subject comparisons of different tongue positions. The occlusal plane is also used to rotate 

the ultrasound images so that the orientation of the tongue traces does not reflect arbitrary 

differences in transducer orientation.  
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 Once these tasks were completed, the participants were shown the stimuli in sets of five, 

with each target disyllabic sequence being presented a total of five times across all of the sets. 

The stimuli were presented on a laptop using simplified Chinese characters. This was done using 

the Articulate Assistant Advanced (AAA) software (Articulate Instruments Ltd. 2012), which 

allowed for the prompts containing the stimuli to be manually progressed. Instances where 

speakers mispronounced an item or made some other speech error were re-recorded with the 

original recording being overridden. Participants were instructed to produce each phrase 

naturally. Simultaneous audio and ultrasound video were then recorded for each speaker.  

5.5 Data analysis 

 From the numerous ultrasound frames corresponding to the target segments, the midpoint 

frame was selected for further analysis. Figure (7) shows an example midsagittal ultrasound 

image from SP_05. The shadows to the left and right are those projected from the hyoid and 

mandible respectively, with the tongue falling within this range. The white, curvy line is a 

reflection of the air at the tongue surface, and the upper surface of the tongue appears as the 

boundary between this line and the darkness below it (Stone 2005). Audio files were recorded as 

wav files and analyzed in Praat (Boersma & Weenink 2021), which were segmented in order to 

select the ultrasound frames for analysis. Segmentation of the audio files was done using the 

Mandarin acoustic model within the Montreal Forced Aligner (McAuliffe et al. 2017). A 

dictionary was created for the nonce words and carrier phrase as part of the alignment process. 

All alignments were manually checked and corrected. Stop closure and bursts were not manually 

segmented by the forced aligner and were segmented by hand using the offset of the V1 formants 

where closure starts to the C2 offset just before the stop burst as landmarks.  
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 All ultrasound frames were analyzed through AAA, through which tongue contours could 

be traced automatically and adjusted by hand if necessary. Data points for the tongue contours 

were exported as both Cartesian coordinates (x, y) and polar coordinates (r, θ) (referred to here as 

‘distance’ and ‘angle’ respectively) to allow for further analysis. Mielke (2015) showed that 

using polar coordinates rather than Cartesian coordinates for ultrasound data results in contours 

that are more representative of the actual shape of the tongue.  

 

Figure (7). Example midsagittal ultrasound image of the tongue from SP_05. Anterior is to the right. The tongue 
falls within the area delimited by the hyoid shadow to the left and mandible shadow to the right. 

  

 Smoothing spline (SS) ANOVAs were used to assess the tongue shape of the target 

segment relative to one another and across the various contexts (Davidson 2006). Using this 

method, smoothing splines represent the best fit of the five repetitions for each target segment in 

each adjacent context. The Cartesian coordinates produced by AAA for the tongue traces were 

converted to polar coordinates, which then served as the input to the SSANOVAs. The results 

are then converted back to Cartesian coordinates for plotting. Figure (8) shows the raw tongue 

traces for [ɿ] across all consonantal contexts, with each color representing one context (right), 

and SSANOVAs representing all contexts, one per consonantal context (left), with 95% 

confidence intervals. Each target phrase is listed in its Pinyin form (See Table 3 above), and this 

Hyoid 

Mandible 
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is consistent throughout the paper. The data analysis will focus on two major points of 

comparison across the target segments, coarticulatory resistance and coarticulatory 

aggressiveness. All analysis was done using the R or Python programming languages. 

 

Figure (8). Raw tongue traces for [ɿ] across all consonantal contexts (right). SSANOVAs for [ɿ], with one spline per 
consonantal context (left). Target phrases are listed in their Pinyin forms. Anterior is to the right. Both axes are in 

millimeters.  

 The tongue tip (TT), tongue dorsum (TD), and tongue root (TR) were also tracked for all 

target segments using AAA. This was done by specifying radii in AAA that correspond to each 

of these parts of the tongue from the 42 radii that compose the ultrasound fan. This was done 

independently by speaker. Figure (9) shows the 42 radii of the ultrasound fan, with the 

anatomical landmarks indicated. The parts of the tongue that fell within the specified radii were 

tracked over time, as shown in Figure (10). The five lines for each part of the tongue represent 

the five repetitions of each target phrase. From these five repetitions the mean distance was taken 

at the midpoint of each target segment. As there is one SSANOVA spline per target phrase for 

the tongue splines, there is one mean distance for each target phrase and each part of the tongue.   

 Further adjustments were made to the data to allow for within-speaker comparisons of the 

target segments. As the tongue traces are not always of consistent length within a given speaker, 

due to differences in the quality of the image across segments, sections of the tongue traces were 

subset to better equate the lengths of the tongue traces within speaker. This was done using the 
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TT, TD, and TR as landmarks. For each speaker, a subset of the ultrasound radii were selected 

within a range delimited by two radii beyond the radii selected for the TT and TR. For example, 

if the radii 9 and 31 were selected for the TT and TR respectively, the range included was 7-33. 

This also acts as a means of removing erroneous tracings. Table (4) shows the TT, TD, and TR 

values selected for each speaker, along with the range of radii included in the analysis, where the 

number on the left is the radius furthest to the left and the number on the right is the radius 

furthest to the right.  

 

Figure (9). Ultrasound fan radii with anatomical landmarks for SP_04. Anterior is to the right. 
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Figure (10). Tracking of the TT, TD, and TR during the target phrase 输仨 [ʂu sa] for SP_02. The y-axis is distance 
from the origin. Transcriptions are in Pinyin.  

 

 

 

 

Table (4). Analysis values for TT, TD, TR and selected range of radii included in the analysis by speaker. 

 5.5.1 Coarticulatory resistance (CR) 
 
 CR was measured as the degree of variability in tongue contours for a segment across all 

adjacent contexts (Recasens & Rodriguez 2016). The two apical vowels [ɿ ʅ] were compared to 

the three peripheral vowels [i a u]. While the two apical vowels and [i] never occur in the same 

C1 context, they can still be compared based on previous research showing all three segments 

tend to be homorganic with the preceding sibilant, meaning that gestural antagonism between the 

three segments and their C1 is minimal (Lee-Kim 2014, Faytak & Lin 2015). Variability 

exhibited by each vocalic segment was measured using the polar coordinates that were the output 

Speaker TR TD TT Radii range 
SP_02 23 18 10 25-8 
SP_04 30 22 11 32-9 
SP_05 25 21 9 27-7 
SP_06 31 22 9 33-7 
SP_07 27 23 10 29-8 
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of the SSANOVAs and by taking the mean variance (σ²) of the distances across all angles, i.e. 

six distances per angle from six SSANOVA splines. This measure was found to be highly 

correlated with taking the mean Euclidean distance of the min and max distance across all angles 

(Zharkova & Hewlett 2009) and fitting a polygon over the SSANOVAs and getting the area of 

that polygon (Recasens & Rodriguez 2016).  

 A lower mean variance indicates less variability and is indicative of a segment being 

more resistant to coarticulation. An example of this can be seen in Figure (11) below. Tongue 

contours are shown for the two vowels [i] and [ɿ] at their midpoint across all C2 contexts for 

SP_02. The vowel [ɿ] exhibits overall more variability in its tongue shape and position, 

indicating that it is less resistant to coarticulation than [i].  

 

 CR was also measured by the three different parts of the tongue: TT, TD, and TR. For the 

target V1 segments, the tongue distance from the origin was taken at the midpoint of each 

segment. From the five repetitions the mean midpoint distance was taken and the variance (σ²) of 

those mean distances across all C2 contexts was calculated. In all cases, the variance values are in 

millimeters. These parts of the tongue will be referred to as tongue regions. While only single 

Figure (11). SSANOVA splines for vowels [i] (left) and [ɿ] (right) at their midpoints across all target consonant 
contexts for SP_02. Target phrases are listed in their Pinyin forms. Anterior is to the right. Both axes are in 

millimeters. 
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points are being tracked in the method described in Section 5.4, the variability exhibited by that 

point is meant to be indicative of the variability for that region of the tongue. This follows from 

the observation in both the SSANOVAs and tongue traces that variability is mostly consistent 

within these regions.  

5.5.2 Coarticulatory aggressiveness (CA) 

 CA will be measured as the degree of contextual variability for each target segment 

during all adjacent segments (Recasens & Rodriguez 2016). CA is inversely dependent on the 

amount of variability a segment permits for adjacent segments. The more aggressive a segment 

is, the less variability there will be in all adjacent segments. For all V1 segments, CA will then be 

measured as the amount of variability in the tongue postures for all adjacent C2 segments. 

Quantifying variability here will be done the same as for CR, by getting the mean variance (σ²) 

of the distances across all angles. An example of this can be seen in Figure (12) below. The 

SSANOVAs here are for all C2 segments when occurring adjacent to [i].  

 As with CR, CA was also measured by the three tongue regions: TT, TD, and TR. The 

same speaker-specific radii were used as for CR. The method for quantifying variability for the 

three tongue regions was the same as for CR, except that variance was taken across C2 segments 

for a given target V1 context. For example, in Figure (10), the values for [u] represent CR of [u] 

and the values for [s] will factor into CA of [u].  
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Figure (12). SSANOVA splines for all C2 segments at midpoint in context of [i] for SP_06. Target phrases are listed 
in their Pinyin forms. Anterior is to the right. Both axes are in millimeters. 

5.5.3 Statistics 

 To account for speaker variability in the results, all statistical analysis was done by 

speaker. As the overall and by tongue region variability was measured using variance (σ²), the 

ratio of two variances was taken to get an F-statistic following an F distribution. The results of 

the F-tests signify whether two variances are statistically significantly different from one 

another, with the null hypothesis being σ12 = σ22. In the current context, one variance represents 

the overall or by tongue region CR or CA of a target segment. F-tests were computed by speaker 

for all pairwise combinations of the target segments grouped by onset. Levels of significance 

were computed manually in R using the pf function, with the ratio of the two variances as F and 

the number of data points (n) subtracted by one (n – 1) as the degrees of freedom for each 

variance, i.e. df1 and df24.  

 
4 For overall CR and CA, all degrees of freedom are greater than 4,000. For CR and CA by tongue region, the 
degrees of freedom are 5.  
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Chapter 6. Results 
 
6.1 Introduction 

 The results are organized by the two main measures taken in the current study: 

coarticulatory resistance (CR) and coarticulatory aggressiveness (CA). For each target measure, 

they are broken down into overall variance and variance by the three tongue regions (TT, TD, 

and TR). In addition, for clarity in relation to the focus of the current study, all figures will 

separate the two apical vowels and the three peripheral by color into two groups, dorsal for [i a 

u] in shades of red and non-dorsal for [ɿ ʅ] in shades of blue. In general, SP_05 behaved 

differently from the other speakers, with the other four speakers behaving much more similarly. 

An asterisk will be placed next to SP_05, e.g. *SP_05, to remind readers that this speaker 

behaved differently. CR and CA hierarchies are posed by speaker, where “A > B” indicates A 

has a higher CR/CA than B. Full tables of the proposed hierarchies are presented in Section 7 

(Tables 15 & 16). Segments missing from a hierarchy are due to inconsistencies in the 

comparisons making it difficult to place those segments.   

6.2 Coarticulatory resistance (CR) 

 The results for coarticulatory resistance for the target segments are shown in this section. 

Section 6.1.1 presents the overall CR results and Section 6.1.2 shows the CR results by the three 

tongue regions: TT, TD, and TR. 
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6.2.1 Overall 

 Figure (13) shows the overall variance for each target vowel segment, separated by the 

four onset groups. Taller bars indicate greater variance (lower CR) and shorter bars indicate less 

variance (higher CR). Across all speakers there were significant differences in variability across 

the target vowels as a function of adjacent consonantal effects. Table (5) shows the results of the 

pairwise F-tests comparing the variances of the target vowels by speaker and by the four onset 

groups. The shaded columns indicate the relevant comparisons that include the apical vowels. 

The numbers represent the ratio between the two variances, e.g. the [ɿ] – [i] value of 19.1 for 

SP_02 indicates a 19.1/1 ratio, with the segment on the left always as the numerator.  

 It can be seen for four of the five speakers that the apical vowels consistently show 

significantly more variability than the three corner vowels (p < 0.05). This supports Hypothesis 

1b, specifically the controlled phonetics prediction. This hypothesis predicts both apical vowels 

to have lower CR and CA than all three corner vowels.  

 The dental apical vowel consistently shows significantly more variability than the 

retroflex apical vowel. This supports Hypothesis 3, which predicted that the biomechanics of the 

retroflex segment should put stricter requirements on the articulators, thus rendering is less 

susceptible to coarticulatory effects. For SP_05, [ɿ] does have lower CR than both [ʅ] and [i], but 

higher CR than [a] and [u], while [ʅ] has higher CR than [i] and [a]. Together, these differences 

result in an overall CR hierarchy of [i, a, u] > [ʅ] > [ɿ] for four out of five speakers (Table 6).  
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Figure (13). Overall CR for all target segments, organized by shared onset and by speaker. Y-axis is the mean of the 
variances in distance (in millimeters) across all angles from the polar coordinates produced by the SSANOVAs.  

 

Table (5). By speaker pairwise F-tests based on the CR variance ratios. Note: A - B = ratio of A:B with A as the 
numerator. * = p < 0.05.  

 

Speaker  Homorganic 
onset 

  Onset 
[s] 

  Onset 
[ʂ] 

 Onset 
[ɕ] 

 ɿ - i ʅ - i  ɿ - ʅ ɿ - a ɿ - u u - a ʅ - a ʅ - u u - a i - a 

*SP_05 2.3* 0.7* 3.3* 0.7* 0.3* 2* 0.2* 1.1* 0.1* 1.2* 

SP_02 19.1* 12.9* 1.5* 2.2e+13* 4.2* 5.2e+12* 11.8* 7.1* 1.7* 0.2* 

SP_04 7.1* 3.6* 2* 69.8* 4.7* 14.8* 6.6* 5.1* 1.2* 1.1* 

SP_06 3.8* 1.4* 2.8* 3* 2.2* 1.3* 3.3* 6* 0.6* 8.4* 

SP_07 41.7* 24.8* 1.7* 2.2* 7.3* 0.3* 3.2* 4.3* 1.2* 0.3* 
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Table (6). By-speaker CR hierarchies for overall variance. 

6.2.2 By tongue region 

 Figure (14) shows CR plotted by speaker and by the three tongue regions: TT, TD, and 

TR, and grouped by onset. Taller bars indicate greater variance (lower CR) and shorter bars 

indicate less variance (higher CR). A number of observations can be made here. First, four of the 

five speakers show a tendency for both apical vowels to exhibit greater variability than the three 

corner vowels in both the TD and TR, with both apical vowels showing much greater variability 

in the TD than the other two tongue regions. Results from the pairwise F-tests computed by 

tongue region show that for most speakers the TD variance for the apical vowels are significantly 

greater than the vowels [a] and [u] (p < 0.05), with ratios ≥ 5:1 being significant5. For most 

speakers, the dental segment [ɿ] has significantly greater TD variance than [i], but this is not 

always true for [ʅ]. TR variability in both apical vowels is often significantly greater than all 

three corner vowels, but this is not consistent across speakers. These observations support 

Hypothesis 1b and is complementary to the overall CR results in Section 6.1.1. The overall 

results showed CR to be lower for both apical vowels when considering the entire tongue, and 

the results here indicate that this also holds for both the TD and TR. In addition, the consistency 

in [ʅ] having greater CR at all three tongue regions than [ɿ] is in line with the overall CR results 

and supports Hypothesis 3.  

 
5 See Appendix 2 for the full results of the pairwise F-tests by tongue region.  

 Overall 
*SP_05 [ʅ] > [ɿ] > [a] 
SP_02 [i] > [a] > [u] > [ʅ] > [ɿ] 
SP_04 [a] > [u, i] > [ʅ] > [ɿ] 
SP_06 [i, a, u] > [ʅ] > [ɿ] 
SP_07 [i] > [a, u] > [ʅ] > [ɿ] 
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 Second, compared to [a] and [u] there is a tendency for the apical vowels to have less 

variability in the TT. For all speakers, TT variability was also larger for [ɿ] than [ʅ], but not 

always between the apical and dorsal vowels. This observation supports Hypothesis 4, which 

predicted the apical vowels to be more constrained at their place of articulation. While all of the 

target segments show lower variability in the TT, the fact that the apical vowels show much 

greater variability than [i a u] in both the TD and TR, while showing less variability in the TT 

than [u] and [a] suggests the TT is particularly constrained in the apical vowels. By-speaker CR 

hierarchies by tongue region show a trend of [i, a, u] > [ʅ] > [ɿ] at the TD, [i, a] > [ʅ] > [ɿ] at the 

TR, and for the TT, [ʅ] > [ɿ] (Table 7).  

 

Figure (14). CR by TT, TD, and TR for all target segments, organized by shared onset and by speaker. Variance is 
in distance from the origin and is measured in millimeters.  
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Table (7). By-speaker CR hierarchies for each tongue region. 

 To test whether the relationship between the variances in the TT and TD is significantly 

different between the dorsal and non-dorsal vowels, simple linear models were fit by speaker 

with TD variance as the response and TT variance as the predictor with dorsal/non-dorsal added 

as a factor (referred to as the feature [Dor]). Table (8) shows the by-speaker results of these 

models, including the strength of the correlation (R²) between TT and TD variance and the 

significance level of the [Dor] factor. We see three out of five speakers show a strong correlation 

between TT and TD variance and the dorsal factor to be highly significant, and for two speakers 

the correlation is weak and the dorsal factor is insignificant.  

 Overall, the results from these linear models suggest that the difference in TT and TD 

variability is significantly different between the two apical vowels and the three corner vowels. 

This follows directly with observation that the two apical vowels have low CR in the TD, but 

much higher CR in the TT compared to [i a u]. This supports Hypothesis 4, which predicts the 

apical vowels to have much lower TT variability than TD variability and for this TT to TD 

variability comparison to be significantly different between the apical vowels and the corner 

vowels.  

 

 

  

 

 TR TD TT 
*SP_05 [a] > [ʅ] > [ɿ] [a] > [u] > [ʅ] > [ɿ] > [i] [i] > [ʅ] > [ɿ, u] > [a] 
SP_02 [a] > [i, u] > [ʅ] > [ɿ] [a] > [i, u] > [ʅ] > [ɿ] [ʅ, i, a] > [ɿ] 
SP_04 [i, a] > [ʅ, u] > [ɿ] [i, u, a] > [ʅ] > [ɿ] [i] > [ʅ, a, u] > [ɿ]  
SP_06 [i, a] > [ʅ] > [ɿ] > [u] [a, u] > [ʅ] > [ɿ] > [i] [ʅ, i, a] > [ɿ, u] 
SP_07 [i, u, a] > [ʅ] > [ɿ] [i, u, a] > [ʅ] > [ɿ] [i] > [a, u] > [ʅ] > [ɿ]  
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Speaker  𝛽"  SE(𝛽") t p R² 
 (Intercept) 1.53 0.57 2.67 0.04  

*SP_05 TT -0.71 0.52 -1.36 0.23 0.28 
 [Dor] -0.09 0.62 -0.16 0.88  
 (Intercept) 0.36 0.27 1.32 0.24  

SP_02 TT 0.25 0.36 0.70 0.51 0.94 
 [Dor] 3.00 0.33 8.85 <0.01  
 (Intercept) 2.16 1.03 2.08 0.09  

SP_04 TT -1.34 1.04 -1.28 0.25 0.88 
 [Dor] 6.80 1.25 5.40 <0.01  
 (Intercept) 0.28 0.45 0.62 0.56  

SP_06 TT 0.18 0.73 0.24 0.82 0.30 
 [Dor] 0.82 0.56 1.40 0.20  
 (Intercept) 0.41 0.47 0.87 0.42  

SP_07 TT -0.36 1.13 -0.32 0.76 0.80 
 [Dor] 1.97 0.47 4.23 <0.01  

Table (8). Results of by-speaker simple linear models testing the correlation between CR variance at TT and TD and 
the significance of the [Dor] factor. Model: TD variance  ~ TT variance + [Dor].  

 

6.3 Coarticulatory aggressiveness (CA) 

 The results for coarticulatory aggressiveness (CA) for the target segments are shown in 

this section. Section 6.1.1 shows the overall CA results by speaker and Section 6.1.2 shows the 

CA results by the three regions of the tongue: TT, TD, and TR.  

6.3.1 Overall 

 The results for overall CA are much less consistent than for CR. Figure (15) shows the 

overall variance exhibited by all C2 segments in each target vowel context by speaker and 

separated by the onset group. Taller bars indicate greater variance (lower CA) and shorter bars 

indicate less variance (higher CA). As is evident, compared to the CR results the differences in 

variability across the target segments in much lower. This can be seen clearly in the results of the 

by-speaker pairwise F-tests in Table (9). This is likely the result of CA being a measure of much 

smaller differences in variability.  
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 Nonetheless, a couple observations can be made. First, across speakers both apical 

vowels tend to have lower CA than [u]. This offers some support for Hypothesis 2, which 

predicts CR and CA to be positively correlated, in that [u] has both higher CR and CA than both 

apical vowels. Taken in isolation, this could also indicate some support for Hypothesis 1a, the 

biomechanical view. This hypothesis predicts both apical vowels to have higher CR and CA than 

[a] and/or [u], which, in the case of CA, we see a tendency for [a] have lower CA and [u] higher 

CA than both apical vowels. However, the results from CR and CA must be considered together 

and their implications will be discussed further in Section 7.  

 Second, the dental apical vowel tends to have lower CA than the retroflex apical vowel. 

This supports Hypothesis 3, and follows with the CR results above. The segment [ʅ] having both 

higher CR and CA than [ɿ] also gives support to Hypothesis 2. In all, despite the lack of 

consistency across all segments, a trend of [u] > [ʅ] > [ɿ] > [a] can be seen in Table 10.  
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Figure (15). Overall CA for all target segments, organized by shared onset and by speaker. Y-axis is the mean of the 
variances in distance (in millimeters) across all angles from the polar coordinates produced by the SSANOVAs. 

Table (9). By speaker pairwise F-tests based on the CA variance ratios. Note: A - B = ratio of A:B with A as the 
numerator. * = p < 0.05.  

 

Speaker  Homorganic 
onset 

  Onset 
[s] 

  Onset 
[ʂ] 

 Onset 
[ɕ] 

 ɿ - i ʅ - i  ɿ - ʅ ɿ - a ɿ - u u - a ʅ - a ʅ - u u - a i - a 

*SP_05 1.7* 1.4* 1.3* 0.8* 1.1* 0.8* 0.6* 1.5* 0.4* 0.6* 

SP_02 0.9* 1.0 0.9* 1.3* 0.9* 1.4* 1.2* 1.0 1.2* 1.1* 

SP_04 0.8* 0.7* 1.1* 0.9* 1.3* 0.7* 0.8* 1.0 0.8* 1.1* 

SP_06 1.2* 0.9* 1.3* 0.8* 1.4* 0.6* 0.9* 1.2* 0.8* 0.8* 

SP_07 1.4* 1.2* 1.1* 1.0 1.4* 0.7* 0.8* 1.0 0.8* 0.8* 
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Table (10). By-speaker CA hierarchies for overall variance. 

 
6.3.2 By tongue region 

 Figure (16) shows CA plotted by the three tongue regions: TT, TD, and TR, and 

separated by shared onset and by speaker. Taller bars indicate greater variance (lower CA) and 

shorter bars indicate less variance (higher CA). Similar to the overall CA results, the results here 

are much less than consistent across speakers than the CR results by tongue region. Results of 

the by-speaker pairwise F-tests computed by tongue region show that there is not a tendency 

across speakers for the differences in CA by tongue region to be significantly different between 

the apical vowels and the three corner vowels (p > 0.05). 

 A couple observations can be made here. First, for four out of five speakers the apical 

vowels have higher CA in the TT than in both the TD and TR, which is not always the case for 

the three corner vowels. This supports Hypothesis 4, and follows with the CR results by tongue 

region. This hypothesis predicts the apical vowels to both exhibit and permit less variability at 

their place of articulation, exemplified here by the TT. Hypothesis 2 also predicts this correlation 

between high CR and CA in the TT, and holds that if a segment exhibits less variability in some  

tongue region, it should also permit less variability in that same region in adjacent segments. 

 Second, there is a tendency for both apical vowels to have lower CA than [u] and [i] in 

the TD and lower CA than [a] in the TR. This supports Hypothesis 2 in that the vowels [i] and 

[u] have both higher CR and CA in the TD than the two apical vowels, and [a] does in the TR as 

 Overall 
*SP_05 [i, u] > [ʅ] > [ɿ] > [a] 
SP_02 [a] > [ɿ] > [ʅ, u, i] 
SP_04 [u] > [ʅ] > [ɿ] > [i, a] 
SP_06 [u] > [ʅ] > [i] > [ɿ] > [a] 
SP_07 [i] > [ʅ] > [u] > [ɿ] > [a] 
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well. Third, consistent with the CR results for TT, [ʅ] tends to have higher CA at the TT than [ɿ], 

thus supporting Hypothesis 3.  

 Despite the lack of consistency compared to the CR results, a TT hierarchy of [ʅ] > [ɿ] > 

[i, u]  > [a] holds for four out of five speakers (Table 11), a trend of  [i, u] > [ɿ, ʅ] can be seen in 

the TD ([a] is inconsistent), and [a] > [ɿ] > [ʅ] > [i] is seen in four out of five speakers for the TR 

([u] is inconsistent). Taken together, the CR and CA results provide some support for Hypothesis 

1b, as applied to the TD and TR tongue regions. Both apical vowels have lower CR than all three 

corner vowels in the TD and TR, and lower CA than [i, u] in the TD and [a] in the TR.  

 

 

Figure (16). CA by TT, TD, and TR for all target segments, organized by shared onset and by speaker. Variance is 
in distance from the origin and is measured in millimeters.  
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Table (11). By-speaker CA hierarchies for each tongue region. 

 As with the CR results by tongue region, simple linear models were fit by speaker with 

TD variance as the response and TT variance as the predictor with [Dor] added as a factor. Table 

(12) shows the by-speaker results of these models. Unlike with CR, the correlation between the 

two variances tends to be rather weak, and the [Dor] factor is insignificant across all speakers. 

Overall, these results do not support any of the hypotheses. 

Speaker  𝛽"  SE(𝛽") t p R² 
 (Intercept) 2.78 3.03 0.91 0.40  

*SP_05 TT 0.33 0.16 2.16 0.08 0.51 
 [Dor] 3.32 1.88 1.76 0.14  
 (Intercept) 20.2 2.98 6.71 0.001  

SP_02 TT -0.80 0.21 -3.73 0.01 0.85 
 [Dor] 2.83 2.28 1.24 0.27  
 (Intercept) 26.96 17.01 1.59 0.17  

SP_04 TT -0.09 1.14 -0.08 0.93 0.006 
 [Dor] -1.81 11.55 -0.16 0.88  
 (Intercept) 0.39 5.43 0.07 0.94  

SP_06 TT 0.75 0.59 1.28 0.26 0.28 
 [Dor] 4.63 3.34 1.38 0.22  
 (Intercept) 17.98 30.27 0.59 0.58  

SP_07 TT -0.07 2.12 -0.03 0.98 0.008 
 [Dor] -1.40 8.02 -0.17 0.87  

Table (12). Results of by-speaker simple linear models testing the correlation between CA variance at each of the 
three tongue regions and the significance of the [Dor] factor. Model: TD variance  ~ TT variance + [Dor]. 

 

6.4 Coarticulatory resistance vs. coarticulatory aggressiveness 

 One of the key predictions of both the DAC model and the AP/TD concept of blending 

strength is that CR and CA should be positively correlated (Hypothesis 3). Section 6.3.1 shows 

 TR TD TT 
*SP_05 [a] > [ɿ] > [ʅ] > [u] [i] > [ʅ] > [ɿ, a, u] [i] > [ʅ] > [ɿ] > [a] 
SP_02 [a] > [ɿ] > [ʅ] > [u, i] [i, a, u] > [ɿ] > [ʅ]  [ʅ] > [ɿ] > [i, u] > [a] 
SP_04 [a] > [ʅ] > [ɿ] > [u, i] [u] > [ɿ] > [ʅ] > [a] > [i] [ʅ] > [ɿ] > [i, u] > [a] 
SP_06 [a] > [u] > [ɿ] > [ʅ] > [i] [i, u] > [ʅ] > [ɿ] [ʅ] > [ɿ] > [i, u] > [a] 
SP_07 [i] > [ɿ] > [u] > [a] > [ʅ] [i, u] > [ʅ] > [ɿ] [ɿ] > [ʅ, i] > [u, a] 
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the by-speaker results of the overall CR versus CA correlation tests and Section 6.3.2 shows the 

by-speaker results testing this same correlation by tongue region.  

6.4.1 Overall 

 Figure (17) shows CR plotted against CA across all target segments by speaker and Table 

(13) shows the results of Pearson’s correlation tests for the correlation between CR and CA 

computed by speaker. For most speakers, this correlation is positive, as evident in both Figure 

(17) and Table (13). However, across all speakers the correlation tests reveal a lack of strong 

correlation between CR and CA. This may be attributed to the small total number of data points 

(n=8) included in these tests. Together, the correlations tests support Hypothesis 2, which holds 

that there should be a positive correlation between CR and CA.  

 

Figure (17). Overall CR vs. CA correlation by speaker. Correlation coefficients (R) are from Pearson’s correlation 
tests. CR and CA values are the mean of the variances in distance (in millimeters) across all polar angles produced 

by the SSANOVAs.  
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Speaker R t p 
*SP_05 0.57 1.71 0.14 
SP_02 0.24 0.61 0.56 

SP_04 -0.30 -0.77 0.47 
SP_06 0.10 0.25 0.81 
SP_07 0.39 1.02 0.35 

Table (13). Pearson’s correlation coefficients for overall CR versus CA by speaker. 

6.4.2 By tongue region 

 To test the correlation between CR and CA by tongue region, Pearson’s correlation tests 

were carried out by speaker. Figure (18) shows the correlation between CR and CA plotted by 

speaker and by tongue region and Table (14) shows the results of the CR to CA correlation tests 

for each tongue region by speaker. While a couple speakers show relatively strong correlations 

between the two factors in the TT and TR, this does not hold for most speakers. Nonetheless, for 

most speakers the correlation between CR and CA is positive at each tongue region. The results 

here also support Hypothesis 2 in that the correlation is mostly positive. 
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Figure (18). CR vs. CA correlation by tongue region and by speaker. Correlation coefficients (R) are from Pearson’s 
correlation tests. CA and CR variances are in distance from the origin and are measured in millimeters. 

 

 

 

 

 

 

 

 

 

Table (14). Results of Pearson’s correlation tests for CR versus CA by tongue region and speaker. 

 Speaker R t p 
 *SP_05 0.67 2.19 0.07 

TR SP_02 -0.15 -0.38 0.71 
 SP_04 0.47 1.30 0.24 
 SP_06 0.78 3.07 0.02 
 SP_07 -0.24 -0.60 0.57 
 *SP_05 0.53 1.55 0.17 

TD SP_02 0.22 0.56 0.60 
 SP_04 -0.73 -2.62 0.04 
 SP_06 0.17 0.42 0.69 
 SP_07 -0.01 -0.01 0.99 
 *SP_05 0.67 2.19 0.07 

TT SP_02 0.90 5.19 <0.01 
 SP_04 0.09 0.22 0.83 
 SP_06 -0.07 -0.17 0.87 
 SP_07 -0.20 -0.51 0.62 
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Chapter 7. Discussion & Conclusion 
 
7.1 General Discussion 

 Across speakers, the results from CR point towards an overall hierarchy of [i, a, u] > [ʅ] > 

[ɿ] and by tongue region a hierarchy of [i, a, u]  > [ʅ] > [ɿ] at the TD, [i, a] > [ʅ] > [ɿ] at the TR 

and [ʅ] > [ɿ] for the TT. The results from CA were much less consistent across speakers, but if 

we consider tendencies across most speakers, a number of hierarchies can be proposed. For 

overall CA, the hierarchy of [u] > [ʅ] > [ɿ] can be posited, and by tongue region a TT hierarchy 

of [ʅ] > [ɿ] > [a] > [i, u], a TD hierarchy of [i, u] > [ɿ, ʅ], and a TR hierarchy of  [a] > [ɿ] > [ʅ] > 

[i] can be proposed. Table (15) shows all of the by-speaker hierarchies for overall CR and CA 

and Table (16) shows all of the by-speaker hierarchies for CR and CA by tongue region.  

 

 
 
 
 
 
 
 
 
 
 
 

Table (15). By-speaker CR and CA hierarchies by overall variance.  

 As noted in the beginning of Section 6, SP_05 did not appear to follow most of the trends 

exhibited by the other four speakers. This may be attributed to the speaking rate of this 

  Overall 
CR *SP_05 [ʅ] > [ɿ] > [a] 

 SP_02 [i] > [a] > [u] > [ʅ] > [ɿ] 
 SP_04 [a] > [u, i] > [ʅ] > [ɿ] 
 SP_06 [i, a, u] > [ʅ] > [ɿ] 
 SP_07 [i] > [a, u] > [ʅ] > [ɿ] 

CA *SP_05 [i, u] > [ʅ] > [ɿ] > [a] 
 SP_02 [a] > [ɿ] > [ʅ, u, i] 
 SP_04 [u] > [ʅ] > [ɿ] > [i, a] 
 SP_06 [u] > [ʅ] > [i] > [ɿ] > [a] 
 SP_07 [i] > [ʅ] > [u] > [ɿ] > [a] 
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participant during the experiment. All participants were instructed to produce the carrier phrase 

with the embedded target phrase naturally and at a normal speaking rate. SP_05 appeared to 

speak rather slowly during much of the experiment, despite instructions to perform otherwise. 

SP_05 may have been unable to find the task of producing nonce words and phrases natural and 

thus could not produce them at a normal speaking rate.  

 It has been suggested that speaking rate can highly effect certain speech processes, 

including coarticulation (Solé 2007). Therefore, the lack of natural speaking rate in SP_05 likely 

perturbed what would otherwise be natural coarticulatory effects, resulting in deviations from the 

other four speakers who spoke at a more normal speaking rate. This is most prevalent in SP_05’s 

apical vowels exhibiting less variability (higher CR) than some of the corner vowels. A slower 

speaking rate could result in a wider gap between the apical vowels and the onset of the 

following syllable (C2). In this case, the expected shorter duration of the apical vowels could 

mean their articulation is largely completed before the production of the following consonant, 

reducing the chances of heterosyllabic coarticulation (or its effect in general). For the corner 

vowels, their longer duration would mean their production is more likely to still be in process 

and can therefore be susceptible to heterosyllabic coarticulation.  
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Table (16). By-speaker CR and CA hierarchies by tongue region variance. 

 The results above can be viewed in light of the hypotheses proposed in Section 4.1, 

which are restated here in order. The first two hypotheses represent the two sides of 

coarticulation, namely the biomechanical and “controlled phonetics” sides. In aggregate, the 

results from both CR and CA provide strong support for Hypothesis 1b, which stems from a view 

emphasizing the controlled phonetics side, and opposes Hypothesis 1a, which emphasizes the 

biomechanical side. The results from CR are clear in that both apical vowels have much lower 

CR than all three corner vowels, both overall and in the TD and TR. This is directly predicted by 

Hypothesis 1b. However, the results from CA are much less consistent, but we do see both apical 

vowels have lower CA than the three corner vowels across the different CA measures. Taken 

together, these results are difficult to explain from a perspective that focuses solely on 

biomechanics and there are a number of reasons for this.  

 

 Hypothesis 1a: The apical vowels will have higher coarticulatory resistance and 

 aggressiveness than at least [a] and/or [u].     

 

  TR TD TT 
CR *SP_05 [a] > [ʅ] > [ɿ] [a] > [u] > [ʅ] > [ɿ] > [i] [i] > [ʅ] > [ɿ, u] > [a] 

 SP_02 [a] > [i, u] > [ʅ] > [ɿ] [a] > [i, u] > [ʅ] > [ɿ] [ʅ, i, a] > [ɿ] 
 SP_04 [i, a] > [ʅ, u] > [ɿ] [i, u, a] > [ʅ] > [ɿ] [i] > [ʅ, a, u] > [ɿ]  
  SP_06 [i, a] > [ʅ] > [ɿ] > [u] [a, u] > [ʅ] > [ɿ] > [i] [ʅ, i, a] > [ɿ, u] 
 SP_07 [i, u, a] > [ʅ] > [ɿ] [i, u, a] > [ʅ] > [ɿ] [i] > [a, u] > [ʅ] > [ɿ]  

CA *SP_05 [a] > [ɿ] > [ʅ] > [u] [i] > [ʅ] > [ɿ, a, u] [i] > [ʅ] > [ɿ] > [a] 
 SP_02 [a] > [ɿ] > [ʅ] > [u, i] [i, a, u] > [ɿ] > [ʅ]  [ʅ] > [ɿ] > [i, u] > [a] 
 SP_04 [a] > [ʅ] > [ɿ] > [u, i] [u] > [ɿ] > [ʅ] > [a] > [i] [ʅ] > [ɿ] > [i, u] > [a] 
  SP_06 [a] > [u] > [ɿ] > [ʅ] > [i] [i, u] > [ʅ] > [ɿ] [ʅ] > [ɿ] > [i, u] > [a] 
 SP_07 [i] > [ɿ] > [u] > [a] > [ʅ] [i, u] > [ʅ] > [ɿ] [ɿ] > [ʅ, i] > [u, a] 
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 Hypothesis 1b: The apical vowels will exhibit less coarticulatory resistance and 

 aggressiveness than [i a u].   

 

 First, looking from the CR side, the biomechanical view largely predicts consonant-like 

segments such as the apical vowels to put stricter requirements on the articulators compared to 

typical dorsal vowels. The results show the opposite to occur. However, an alternative 

explanation from the biomechanical perspective could be offered to explain these results. Many 

theories of coarticulation posit that the more articulators shared by two segments the greater the 

gestural conflict between the two (Fowler & Saltzman 1993, Recasens et al. 1997). It can be 

safely assumed from their articulation that both apical vowels share more primary articulators 

with the group of target C2 segments used in the current study than the three corner vowels. As 

such, the biomechanical perspective would predict greater conflict between the C2 segments and 

the apical vowels, leading to more significant coarticulatory effects on the apical vowels 

compared to the three corner vowels.  

 However, this argument also predicts that the apical vowels should have greater effects 

on the C2 segments than all three corner vowels, resulting in both apical vowels having low CR 

and high CA compared to [i a u]. Despite the apparent inconsistency in the CA results, there is 

no evidence suggesting the apical vowels have a tendency to have stronger effects on the C2 

segments than all three corner vowels. Both apical vowels tend to have lower overall CA than 

[u], lower CA in the TD than [i] and [u] and in the TR than [a]. It is difficult for this alternative 

to be viable if the CA and CR results are considered together. Therefore, these results can be best 

explained by a view that emphasizes controlled phonetics.  
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 The controlled phonetics view predicts that speakers can (and likely will) exercise a lack 

of control when the consequences of this action lead to minimal interference in their utterance 

being understood (Lindblom 1983). In the case of the apical vowels, their role in maintaining 

contrast in the language is miniscule compared to the three corner vowels, allowing for them to 

be highly susceptible to coarticulatory effects. Despite the support for the contrast enhancement 

view, the sibilants that precede the apical vowels already contain substantial cues to their place 

of articulation. The apical vowels may enhance these cues, but the extent of this enhancement is 

likely not too considerable.  

 The window model of coarticulation makes a similar prediction for these segments 

(Keating 1990). The considerable tongue body raising and backing effects induced on the apical 

vowels suggests the two segments have wide windows in these dimensions. This may suggest 

that the segments are unspecified for the features [± High/Low] and/or [± Back], thus permitting 

extensive variability in both dimensions. This would indicate that in the [i] à [ɿ]/s__ change the 

features of [i] are replaced by the consonantal features, e.g. [Cor] and [+approx], exhibited in 

their realization. This bears some resemble to the feature spreading account proposed in Duanmu 

(2007), absent the spreading of the [+fricative] feature.  

 

 Hypothesis 2: Coarticulatory resistance and aggressiveness should be positively 

 correlated across all of the vowels. 

 

 Hypothesis 2 stems directly from the predictions of the DAC model (Recasens et al. 

1997). Tests on the overall and by tongue region correlation between CR and CA generally 

support the hypothesis that there should be a positive correlation between the two. This positive 
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correlation is also predicted by the AP/TD concept of blending strength (Proctor et al. 2019). 

However, in general, the results showed that for most speakers this correlation was not 

particularly strong. This is likely due to the small number of data points on which the correlation 

tests were run, with only eight points considered across all onset groups. The results from 

Recasens & Rodriguez (2016) also showed that this correlation was not consistently strong 

across the regions in the vocal tract analyzed in their study. In both studies, the CR and CA 

hierarchies do not neatly line up, which likely affects the strength of the correlation and can be 

attributed to the challenges in quantifying CA (discussed further in Section 7.3).  

 

 Hypothesis 3: The retroflex apical vowel [ʅ] should have higher CR and CA than the 

 dental apical vowel [ɿ]. 

 

 A significant amount of support was found for Hypothesis 3. This hypothesis predicted 

the segment [ʅ] to have higher CA and CR than [ɿ], and this prediction is made by views that 

emphasize either the controlled phonetics or biomechanical sides of coarticulation. The higher 

CR and CA in the retroflex apical vowel than the dental apical vowel was perhaps the most 

consistent result across all speakers. On the controlled phonetics side, this view allows for 

biomechanics to take over if two segments have essentially equal roles in maintaining contrast 

and exist in the same phonetic space. Both apical vowels exist in the non-dorsal vowel space and 

can be said to have equal functional loads in Standard Mandarin. From a biomechanical 

perspective, the forward thrust motion typical of laminals is expected to require greater 

stabilization of the tongue body than the arch motion typical of dentals (Iskarous 2005). This 



 71 
 

greater stabilization requirement serves then as a likely source of the greater CR and CA 

exhibited by the retroflex segment (Kochetov et al. 2014).  

 

 Hypothesis 4: The apical vowels will be more resistant to coarticulation at  the place of 

 articulation than other regions in the vocal tract. 

 

 Hypothesis 4 is also widely supported by the results. This hypothesis comes from the 

contrast enhancement analysis of the apical vowels proposed by Lee-Kim (2014). If we consider 

that the apical vowels developed in order to maintain or even enhance the three-way place 

contrast in the sibilants of Standard Mandarin, it stands to reason that the segments should be 

particularly resistant to effects that may endanger this contrast. It was predicted that both 

segments should be highly resistant to coarticulation at their place of articulation, exemplified in 

the current study by variability in the TT. Despite all segments showing lower variability in the 

TT, regression models showed a significant difference between TD and TT variability for both 

apical vowels compared to the other three vowels. Furthermore, both apical vowels also showed 

lower CA in the TT compared to both the TD and TR, which was not usually true for the other 

vowels.  

 The DAC model also makes this prediction for both segments, as it predicts more 

resistance and aggressiveness at the place of articulation compared to other regions (Recasens & 

Rodriguez 2016). This prediction from the DAC model was not factored in earlier as it wasn’t 

clear whether the homorganic aspect of the apical vowels is due to some assimilatory effect or 

both segments having intrinsic coronal constriction location targets. The results showing both 

segments to be particularly constrained at the TT suggests they both have coronal constriction 
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targets. They would be expected to have higher CR at the TD if assimilatory effects were the 

source of the homorganic property.  

 This indicates a key difference between the apical vowels and the three corner vowels. It 

is widely agreed that the apical vowels developed from the high front vowel (Chen 1976) and 

while it is likely that early in the apicalization process the homorganicity was due to assimilation, 

the results here indicate that at some point the coronal constriction became inherent to the 

segments themselves. What were once primarily dorsal segments transformed into non-dorsal 

segments, thus separating them from the other vowels of the language. Whether or not the apical 

vowels retained a dorsal target is still unclear. Faytak & Lin (2015) reported a case of TD raising 

in the transition from sibilant to apical vowel, and similar cases were seen here (See Section 7.4). 

However, it is difficult to determine if this TD raising gesture is inherent to the apical vowels or 

is due to coarticulatory effects from the adjacent [x]. The same goes for the TR retraction seen in 

some speakers.  

7.2 Balancing the roles of biomechanics and control in coarticulation 

 This section discusses further the implications of the current study for our understanding 

of coarticulation, particularly as it relates to how speaker control and biomechanics factor into 

coarticulation. The focus of the current study was to investigate the potential interaction between 

two phenomena that together are thought to govern the outcome of gestural conflict. The support 

for Hypothesis 1b implicates the importance of control (or the lack thereof) in coarticulation, and 

the support for Hypothesis 3 shows that biomechanics must also be factored in, hinting that a 

certain level of balance between the two is likely present in coarticulation.  

 This idea has long been intuitive. In an attempt to account for cross-linguistic differences 

in coarticulation, Keating (1984) argued for a balance between “universal phonetics” or 



 73 
 

biomechanics and language-specific phonetic implementation rules that are derived from the 

phonetic component of the grammar. In discussing the same topic, Ladefoged (1984) argued for 

a consideration of both “biological” and speaker-controlled factors. Iskarous et al. (2012) claim 

that language-specific differences in blending strength parameters are what control and account 

for the differences we see in coarticulatory patterns across languages. In most cases, discussions 

on the balance between biomechanics and speaker-induced control in coarticulation have focused 

on explaining cross-linguistic differences. The primary contribution of the current study is that 

evidence has been found for a balance between the two factors within a single language.  

 In Section 2, it was stated that most models of coarticulation tend to focus on either 

control or biomechanics, but rarely both, despite the intuition of many that both are at play in 

coarticulation (Solé 2007). We see this clearly in a comparison of two influential models of 

coarticulation: the DAC model (Recasens et al. 1997) and the window model (Keating 1990). 

The DAC model correctly predicts that the retroflex segment [ʅ] has higher CR and CA than [ɿ], 

a difference that can be ascribed to biomechanics. However, this model does not predict the 

apical vowels to be significantly less resistant to coarticulation than the three vowels [i a u], with 

speaker-induced lack of control likely being the source of this difference.  

 While the window model may be able to account for both apical vowels having much 

lower CR than [i a u], there are clear limitations to using the (under)specification of features as 

the basis for contextual variability. There is no mechanism in the window model that predicts the 

[± ant]/[ ± dist] difference in the apical vowels to lead to overall differences in coarticulatory 

resistance, as this is due purely to biomechanical differences not indicated within the set of 

features. In this model, features are not assigned some degree of articulatory constraint as they 
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are in the DAC model. In short, to fully account for the results of the current study a model of 

coarticulation is needed that is essentially a combination of the DAC and window models.  

 Applying the AP/TD framework, Iskarous et al. (2012) attempt to combine these two 

areas to account for the allophonic variation of the velar fricative /x/ in Navajo. Based on the 

DAC model, this segment should be highly resistant to coarticulatory effects, as both its place 

and manner are the most highly constrained (Recasens et al. 1997). However, in Navajo, the 

realization of the velar fricative is highly variable depending on the adjacent vowel quality, with 

the various realizations including [ç], [ɣ], and [w], which include changes in both place and 

manner (McDonough 2003). Applying the AP/TD notion of blending strength (Saltzman & 

Munhall 1989), Iskarous et al. (2012) attribute this to language-specific blending strength 

parameters, whereby the constriction degree (CD) and constriction location (CL) parameters are 

averaged across the velar fricative and the relevant vowels in Navajo. This system differs from 

languages like English where only the CL parameter is jointly determined by the consonant and 

the vowel (Iskarous et al. 2012). 

 In the framework used by Iskarous et al. (2012), the claim is that contrastive units have 

specified blending strength parameters. The existence of the apical vowel allophones for /i/ could 

be said to derive from low CD and CL blending strength of /i/ in the [s]__ and [ʂ]__ contexts, but 

it appears there is no mechanism that specifies blending strength parameters for the realization of 

the allophones themselves. Low CD and CL blending strength could generate the [i] à [ɿ]/s__ 

and [i] à [ʅ]/ʂ__ changes, but it is not clear that these would in turn apply to the apical vowels. 

This analysis could account for the observations here nicely if it was proposed that the blending 

strength parameters also apply to the allophones, but it is uncertain what implications this would 

have for analyses of other languages, such as Navajo. If it were the case that the allophones of /x/ 
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in Navajo were not significantly less resistant to coarticulation than /x/, then a different 

mechanism would need to be proposed to account for the observations from both languages.  

7.3 Quantifying coarticulatory aggressiveness 

 This section discusses some of the difficulties in and potential solutions for quantifying 

CA, based on the results of the study. The results from CA showed a lack of consistency across 

speakers, particularly compared to CR. Compared to CR, CA itself is a measure of significantly 

smaller differences in variation, as the range of consonants analyzed differ considerably in their 

production. It should be noted though that the CA measurements by tongue region were overall 

more consistent across speakers than overall CA. The measure used for CA here was replicated 

from Recasens & Rodriguez (2016), who reported no inconsistencies across speakers. However, 

similar to the results from the current study, their study did have inconsistency in that the CR and 

CA hierarchies didn’t always match for every region of the vocal tract.  

 Naturally, this brings into question how we quantify CA. The approach adopted here was 

to measure variability in all adjacent segments, based on the idea that the more aggressive a 

segment is the more it constrains (limits of the variability of) segments that are adjacent to it 

(Recasens & Rodriguez 2016). The obvious shortcoming of this approach is that the differences 

being measured are likely very small and there is a considerable amount of noise being analyzed.  

 Another shortcoming of this approach as it concerns comparing CA between consonants 

and vowels or within consonants is accounting for how similar a given segment is to other 

segments. In the present context, an attempt was made to balance the places of articulation of the 

six C2 segments, so that a range of coarticulatory effects are induced on the target vowels and the 

range of similarity between the C2 segments and V1 segments is somewhat balanced. However, 

as the Standard Mandarin consonantal inventory is predominantly coronal (as most languages 
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are), there is some degree of imbalance here that may have impacted the results. The vowels [a] 

and [u] are closer to [x] and [k], [i] is closer to [ɕ], and the two apical vowels are closer to [s], [t], 

and [ʂ] than the others. The shorter the distance the articulators have to move between two 

segments, the smaller the effect will likely be.  

 It is not immediately clear how this would have impacted the results here. While the 

apical vowels may be closer to [s], [t], and [ʂ], their positioning of the tongue body in particular 

differs greatly from [ɕ] and the two velars. The two vowels [u] and [a] have a more similar 

tongue body position to the velars, but a much different tongue tip/blade position than the 

dentals/alveolars. As a result, the comparison in CA between [u, a] and [ɿ, ʅ] becomes a 

comparison between the strength of the tongue tip/blade lowering (for [u, a]) and tongue body 

lowering (for [ɿ, ʅ]) effects induced on adjacent consonants. Based on the overall and by tongue 

region CA results, the tongue tip/blade lowering effects of [u, a] are stronger. This is not 

expected based on the mechanics of the apical vowels. The tongue tip/blade raising gesture 

generally requires a high degree of stabilization in the tongue body (Iskarous 2005), which 

should enforce strong tongue body lowering effects on adjacent segments (Recasens & 

Rodriguez 2018).  

 This effect may have been prevalent in other studies as well. Recasens & Rodriguez 

(2018) looked at CR in C#C sequences (heterosyllabic C-to-C coarticulation). Of the eight 

consonants included in their study, six have a dental/alveolar place of articulation. It was found 

that [s] was overall more resistant to coarticulation than [k], but across the various contexts the 

distance between [s] and the adjacent consonants is smaller on average than for [k]. This makes 

it a bit difficult to firmly state that [s] is more constrained than [k], as this difference in average 

distance is a potential confound. A way to potentially avoid this is to only quantify the effects 
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from or induced on segments that are clearly antagonistic in place of articulation, e.g. effects 

from alveolars for [k] and from velars for [s], and compare these effects. However, this assumes 

equality in the degree of constraint in those velars and alveolars, which is likely not the case.  

 One alternative is to get the mean tongue position for a segment across all contexts and 

then measure which segment induces the largest deviation from this mean tongue position 

(Proctor et al. 2019). This method was considered here, but after much consideration it wasn’t 

clear that a mean tongue position is a viable reference point. Segments or articulatory gestures 

are often discussed in terms of “targets” (Faytak 2018, Saltzman & Munhall 1989), e.g. the 

apical vowels having (or not having) a frication noise target, whereby it is assumed a given 

segment has some predetermined articulatory or acoustic goal. It seems logical to consider that 

aggressiveness could mean that a segment forces deviations from an adjacent segment’s intrinsic 

or target tongue position, but this notion of intrinsic tongue position or target doesn’t appear to 

be easy to define (See Faytak 2018 for a brief overview). For example, Proctor et al. (2019) used 

vowel tongue positions when following labials as their intrinsic tongue position, assuming that 

labials assert essentially no perturbations to lingual configurations. Is the tongue position of a 

vowel following labials necessarily its intrinsic target or simply its position following labials? 

 There is one other potential alternative to measuring CA that has not yet been utilized. 

Iskarous et al. (2013) put forth the concept of mutual information (MI) as method for quantifying 

CR. Although originally based on EMA and X-ray microbeam data, Abakarova et al. (2018) 

recently adapted it for ultrasound data. MI is a measure of how much information is shared 

between two segments. Given two adjacent segments A and B, the greater the presence of 

information about B during the production of A, the less resistant A is to coarticulatory effects 

from B. More information shared equals less resistance. In the present context, you could get the 
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mean MI of [i] and [ɿ] across the six C2 contexts and see which segment allows for less sharing 

of information on average. As of now, MI has only been applied as a measure of CR, but it 

seems reasonable that if the sharing of information right to left is CR (if measuring CR of the 

segment to the left, e.g. C-to-V effects in the present context) that sharing from left to right could 

be used as a measure of CA. The more information about A is present during B the more 

aggressive A is.  

7.4 Implications for previous phonological analyses of the apical vowels 

 This section discusses the implications of the current study for previous phonological 

analyses of the apical vowels in Standard Mandarin. As discussed in Section 3.3, there has been 

considerable debate over how to best analyze these segments, with there being three primary 

competing analyses, namely the ‘syllabic fricative’, ‘syllabic approximant’, and ‘apical vowel’ 

analyses.  

 While it is undoubtedly difficult to tease apart the apical vowel and syllabic approximant 

analyses, the current study provides further evidence against the feature spreading and syllabic 

fricative account presented in Duanmu (2007) and Wiese (1997). First, in accordance with recent 

studies that have shown that the apical vowels do not have frication noise targets (Lee-Kim 2014, 

Faytak & Shao 2022), their clear lack of resistance to coarticulation exhibited here also supports 

this. It is widely known that fricatives tend to be highly resistant to coarticulation as the 

production of turbulent airflow requires precise arrangement of the articulators (Ohala & Solé 

2010, Recasens et al. 1997). Based on the coarticulatory behavior exhibited by the apical vowels, 

it appears to be rather unlikely that they have frication noise targets.  

 Second, the feature spreading account assumes a certain level of connection between the 

onset and the derived nuclei in this context. While it is apparent that the apical vowels have 
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inherited the coronal feature from their preceding sibilants, proposing the spreading of the 

[+fricative] feature assumes that the level of articulatory control would be similar between the 

onset and the nucleic segment. Figure (19) shows a side-by-side comparison of the variability 

exhibited by the dental apical vowel across all consonantal contexts to that of its onset. As is 

evident, the onset [s] shows essentially no evidence of coarticulatory effects, while the apical 

vowel is susceptible to considerable effects. This is largely consistent across all of the speakers.  

 This suggests the level of control exerted by both segments differs significantly, as do 

their biomechanical specifications. One could argue that this difference could be the result of the 

apical vowels being closer to the following consonants, but the anticipatory coarticulatory effects 

are almost always noticeable in the ultrasound video starting immediately from the onset of the 

apical vowel. Therefore, this acts as further evidence against the spreading of the [+fricative] 

feature, as it implies a similar level of articulatory control between the onset and nucleus, which 

is not consistent with what is observed here.  

7.5 Articulatory strategies in producing Standard Mandarin apical vowels 
 
 The data from the experiment also provides some insight into the range of articulatory 

strategies used by speakers to produce the two apical vowels. One of the main points of interest 

in the production of the apical vowels is the transition from the preceding sibilant to the apical 

Figure (19). Comparison of the variability in the onset [s] (left) versus the apical vowel [ɿ] (right) for SP_02. Target 
phrases are listed in their Pinyin forms. Anterior is to the right. Both axes are in millimeters. 
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vowels. As reported previously, the apical vowels tend to closely resemble the tongue shapes of 

the sibilants that precede them, but crucially, there is substantial evidence showing that the two 

segments do not produce frication noise (Lee-Kim 2014, Faytak & Lin 2015, Faytak & Shao 

2022). The results above also suggest that the segments do not exhibit the level of precise control 

needed to generate turbulent airflow. This implies that some change in articulatory configuration 

is made during the transition from onset to nucleus in these syllables.  

 Figure (20) shows the SSANOVA splines for [sɿ] and [ʂʅ] when followed by [xa] for all 

speakers. The following syllable of [xa] was chosen as previous studies have used stimuli where 

the apical vowels were followed by [x] (Lee-Kim 2014, Faytak & Lin 2015), thus allowing for 

proper comparison. Several things can be seen here. First, in all cases, both apical vowels closely 

resemble the tongue shape of their onsets. In numerous cases, e.g. [sɿ] for SP_04 and [ʂʅ] for 

SP_02, we see essentially no change in posture from onset to nucleus. This confirms the 

homorganic property shared between the onset and vocalic segments seen in previous studies. 

Second, some of the lingual adjustments observed in Faytak & Lin (2015) are also seen here. For 

SP_05’s [sɿ] and both [sɿ] and [ʂʅ] for SP_07, the TD is raised during the transition to the nucleic 

segments. However, the susceptibility of the apical vowels to coarticulatory effects suggests this 

could be due to TD raising effects from adjacent velar fricative.  

 Third, in many cases, it appears that there is a reduction in the constriction degree during 

the production of the apical vowels, e.g. SP_02 and SP_06’s [sɿ]. This is expected, as the lack of 

frication noise produced during these segments is thought to result from a lowering of the tip or 

blade of the tongue that in turn halts the production of frication noise. However, there are still 

many cases where the tip or blade of the tongue remain quite stagnant during the production of 

these syllables. Faytak & Lin (2015) hypothesize that perhaps the lack of frication noise may be 
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non-lingual for some speakers. They suggest that either velic leakage or pharyngeal expansion 

could result in a decrease in intraoral pressure in the vocal tract, thus reducing the amount of 

airflow. The antagonistic relationship between voicing and frication also undoubtedly limits the 

ability for frication to be produced during the apical vowels (Ohala & Solé 2010).  
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7.6 Limitations 

 There are a number of limitations to the current study. First, only five speakers were 

included in the data analysis, which limits the ability of the results to be generalized to the 

population of Standard Mandarin speakers. This limitation is further highlighted by the 

Figure (20). SSANOVAs splines for [sɿ] (left) and [ʂʅ] (right) when followed by [xa]. Consonant midpoint is in blue and 
vowel midpoint is in red. Anterior is to the right. Both axes are in millimeters.  
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observation that the results were not completely consistent across the five speakers, with one 

speaker behaving rather differently from the others. Attempts should be made to replicate the 

results here with more speakers in order to better affirm the observations and conclusions made 

in this section.  

 Second, the lack of consistency in the CA results limits the ability of the results to be 

generalized to the connection between CR and CA, as predicted by both the DAC model and the 

AP/TD notion of blending strength. It cannot be said firmly that there is or is not a strong 

positive correlation between CR and CA, based on the results here, rather that better measures of 

CA are needed in order to better assess this relationship (See Section 7.3).  

7.7 Future Research 

 There are numerous ways that this work may be extended. First, the coarticulatory 

behavior of non-dorsal vowels should be investigated in both more speakers and in more 

languages. Only once this has been done can we better understand the degree of control (or lack 

thereof) exhibited by these segments and the implications this has for our understanding of the 

roles of control and biomechanics in coarticulation. One interesting potential area for further 

research is to compare the coarticulatory behavior of non-phonemic segments such as the apical 

vowels of Standard Mandarin to phonemic non-dorsal vowels, such as the fricative vowels of the 

various Wu languages, including Shanghai and Suzhou (Faytak 2018). The fact that the fricative 

vowels in these languages tend to be accompanied by significant frication noise suggests they 

would be much more highly resistant to coarticulation than the non-fricative apical vowels of 

Standard Mandarin. This would also offer a place to directly compare the CR and CA of 

fricatives to dorsal vowels, which to my knowledge have never been properly compared in this 

respect, due to the rarity of syllabic fricatives.  
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 Second, as noted in the beginning, there are two aspects of coarticulation, one spatial and 

the other temporal. This focus of the current study was only the spatial side, as only single 

frames were analyzed within the ultrasound video. Naturally, this leaves the temporal side of the 

coarticulatory behavior of the apical vowels still open to be investigated, and as of today, I am 

unaware of any study that has looked at this. There have been numerous studies on articulatory 

timing (Byrd 1996 is one example), which have been extended to ultrasound data (See Gick et al. 

2006). The consonant-vowel dichotomy argued for from a physiological basis in Perkell (1969) 

and Öhman (1966) would predict the apical vowels to involve much quicker movements, 

resulting in a shorter duration overall and between articulatory landmarks. Naturally, this would 

need to be tested empirically.  

 While the current study has shed some light on the on the articulatory strategies used in 

producing both apical vowels, the extent of cross-speaker variability in these strategies is still not 

well understood. In a comparison of apical vowels in various Mandarin dialects, Huang et al. 

(2021) showed that, despite considerable variability in the articulatory strategy used to be 

produce the segments in each dialect, the apical vowels of each dialect had similar formant 

values. This suggest a potential scenario similar to English /ɹ/, where variability in articulation is 

accompanied by invariance in acoustic output (Mielke et al. 2016). However, unlike English /ɹ/, 

acoustic-articulatory models of the apical vowels are not well developed and most studies of 

them have included only a handful of speakers (the most thorough model to date, that from Lee-

Kim 2014, is based on a single speaker).  
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7.8 Conclusion  

 This study investigated the coarticulatory behavior of the apical vowels of Standard 

Mandarin using ultrasound. The goal therein was to assess the interaction between biomechanics 

and speaker-induced control in coarticulation. The results overwhelmingly point towards a 

certain level of balance being struck between the two sides in speech production. As a result, this 

study suggests that models of coarticulation must consider both automatic or mechanical factors 

and those that are speaker-controlled and language-specific. Neither can be considered alone if 

the goal is to account for what is observed in coarticulation across languages. While this has long 

been intuitive, the primary contribution of the current study is that is has shown empirically that 

both of these factors are at play as it concerns coarticulation within a single language.  
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APPENDIX 1 – FULL STIMULI USED IN THE EXPERIMENT 
 

(a) Target stimuli 
 

C1V1C2V2 Standard 
Mandarin 

Pinyin Tones 

sɿ kʰa 斯咔 si ka 11 

sɿ tʰa 斯他 si ta 11 

sɿ sa 斯仨 si sa 11 

sɿ ʂa 斯砂 si sha 11 

sɿ ɕa 斯瞎 si xia 11 

sɿ xa 斯哈 si ha 11 

ʂʅ kʰa 诗咔 shi ka 11 

ʂʅ tʰa 诗他 shi ta 11 

ʂʅ sa 诗仨 shi sa 11 

ʂʅ ʂa 诗砂 shi sha 11 

ʂʅ ɕa 诗瞎 shi xia 11 

ʂʅ xa 诗哈 shi ha 11 

su kʰa 苏咔 su ka 11 

su tʰa 苏他 su ta 11 

su sa 苏仨 su sa 11 

su ʂa 苏砂 su sha 11 

su ɕa 苏瞎 su xia 11 

su xa 苏哈 su ha 11 

ʂu kʰa 输咔 shu ka 11 

ʂu tʰa 输他 shu ta 11 

ʂu sa 输仨 shu sa 11 

ʂu ʂa 输砂 shu sha 11 

ʂu ɕa 输瞎 sha xia 11 

ʂu xa 输哈 shu ha 11 

sa kʰa 仨咔 sa ka 11 
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sa tʰa 仨他 sa ta 11 

sa sa 仨仨 sa sa 11 

sa ʂa 仨砂 sa sha 11 

sa ɕa 仨瞎 sa xia 11 

sa xa 仨哈 sa ha 11 

ʂa kʰa 沙咔 sha ka 11 

ʂa tʰa 沙他 sha ta 11 

ʂa sa 沙仨 sha sa 11 

ʂa ʂa 沙砂 sha sha 11 

ʂa ɕa 沙瞎 sha xia 11 

ʂa xa 沙哈 sha ha 11 

ɕi kʰa ⻄咔 xi ka 11 

ɕi tʰa ⻄他 xi ta 11 

ɕi sa ⻄仨 xi sa 11 

ɕi ʂa ⻄砂 xi sha 11 

ɕi ɕa ⻄瞎 xi xia 11 

ɕi xa ⻄哈 xi ha 11 

ɕa kʰa 瞎咔 xia ka 11 

ɕa tʰa 瞎他 xia ta 11 

ɕa sa 瞎仨 xia sa 11 

ɕa ʂa 瞎砂 xia sha 11 

ɕa ɕa 瞎瞎 xia xia 11 

ɕa xa 瞎哈 xia ha 11 
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(b) Filler stimuli 
 

C1V1C2V2 Standard 
Mandarin 

Pinyin Tones 

tə li 特⾥ de li 13 

pa nu 巴努 ba nu 13 

lu ka 鲁尬 lu ga 34 

na ti 纳地 na di 44 

li ku 利顾 li gu 44 

ɹən pʰa 仁怕 ren pa 24 

man lou 曼楼 man lou 42 

fa nan 法南 fa nan 32 

kɤ wa 格挖 ge wa 21 

ja mi 压迷 ya mi 12 

tu tan 堵但 du dan 34 

ɹu ye 儒业 ru ye 24 

fəŋ pu ⻛部 feng bu 14 

kau lai 烤来 kao lai 32 

nəŋ i 能宜 neng yi 22 

wu fu 务福 wu fu 42 
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APPENDIX 2 – PAIRWISE F-TESTS BY SPEAKER AND BY TONGUE REGION 
 

Note: A - B = ratio of A:B with A as the numerator. * = p < 0.05 
 

(a) CR 
 

 
 

     TT      

Speaker  Homorganic 
onset 

  Onset 
[s] 

  Onset 
[ʂ] 

 Onset 
[ɕ] 

 ɿ - i ʅ - i  ɿ - ʅ ɿ - a ɿ - u u - a ʅ - a ʅ - u u - a i - a 

*SP_05 5.0* 2.2 2.2 0.6 2.5 1.5 0.3 0.6 1.7 0.2 

SP_02 1.6 0.6 2.7* 1.8 0.5 3.3 1.2 8.0* 10.0* 0.6 

SP_04 33.0* 6.2* 5.3* 2.5 1.5 4.2 0.2 0.1* 2.0 <0.1* 

SP_06 1.8 0.1* 15.4* 1.2 0.8 1.5 0.2 7.0* 0.7 5.1* 

SP_07 2.3 1.6 1.3 5.6* 1.1 5.2* 2.0 0.8 0.4 0.7 

     TD      

Speaker  Homorganic 
onset 

  Onset 
[s] 

  Onset 
[ʂ] 

 Onset 
[ɕ] 

 ɿ - i ʅ - i  ɿ - ʅ ɿ - a ɿ - u u - a ʅ - a ʅ - u u - a i - a 

*SP_05 0.5 0.4 1.2 5.0* 1.2 4.0 4.0 1.2 4.5 8.5* 

SP_02 5.0* 3.6 1.4 10.0* 7.3* 1.4 6.7* 4.4 1.5 3.5 

SP_04 2.1 1.7 1.3 10.1* 20.8* 0.5 31.4* 82.9* 0.4 9.6* 

SP_06 0.8 0.6 1.5 8.5* 14.4* 0.6 18.5* 7.8* 2.4 70.2* 

SP_07 6.6* 3.4 1.9 3.9 34.4* 0.1* 9.0* 8.2* 1.1 11.8* 

     TR      

Speaker  Homorganic 
onset 

  Onset 
[s] 

  Onset 
[ʂ] 

 Onset 
[ɕ] 

 ɿ - i ʅ - i  ɿ - ʅ ɿ - a ɿ - u u - a ʅ - a ʅ - u u - a i - a 

*SP_05 0.5 1.2 2.5 4.3 0.1* 31* 8.6* 1.7 5* 1.1 

SP_02 13.7* 6.7* 2.0 27.5* 8.5* 3.2 7.1* 2.6 2.7 0.1* 

SP_04 5.3* 1.1 5.1* 197.0* 1.5 127* 6.8* 0.6 12.3* 2 

SP_06 1.9 2.2 1.2 2 0.6 3.5 3 0.8 3.9 2.7 

SP_07 6.8* 4.4 1.5 4.7 5* 0.9 15* 1.4 11.1* 1.1 
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(b) CA 
 

 
 
 
 

     TT      

Speaker  Homorganic 
onset 

  Onset 
[s] 

  Onset 
[ʂ] 

 Onset 
[ɕ] 

 ɿ - i ʅ - i  ɿ - ʅ ɿ - a ɿ - u u - a ʅ - a ʅ - u u - a i - a 

*SP_05 1.1 1.0 1.2 0.6 0.7 0.8 0.5 1.0 0.5 0.6 

SP_02 0.7 0.7 1.0 0.8 0.4 1.9 0.7 0.4 2.0 0.9 

SP_04 0.6 0.6 1.1 0.4 0.5 0.7 0.3 0.5 0.7 0.7 

SP_06 0.5 0.5 1.1 0.5 0.5 0.9 0.5 0.6 0.8 0.8 

SP_07 0.8 1.0 0.8 0.8 0.7 1.2 0.8 0.9 0.9 1.0 

     TD      

Speaker  Homorganic 
onset 

  Onset 
[s] 

  Onset 
[ʂ] 

 Onset 
[ɕ] 

 ɿ - i ʅ - i  ɿ - ʅ ɿ - a ɿ - u u - a ʅ - a ʅ - u u - a i - a 

*SP_05 2.5 1.6 1.5 1.1 1.6 0.7 0.7 0.9 0.8 0.5 

SP_02 1.6 2.1 0.7 1 2.9 0.3 1.7 4.8 2.8 0.7 

SP_04 0.6 0.7 0.9 0.9 1.3 0.7 0.9 1.7 0.5 1.5 

SP_06 1.2 1 1.2 0.8 2.2 0.4 1 1.5 0.7 0.9 

SP_07 1.6 1.5 1.1 0.7 2 0.3 1.3 1.2 0.5 0.5 

     TR      

Speaker  Homorganic 
onset 

  Onset 
[s] 

  Onset 
[ʂ] 

 Onset 
[ɕ] 

 ɿ - i ʅ - i  ɿ - ʅ ɿ - a ɿ - u u - a ʅ - a ʅ - u u - a i - a 

*SP_05 0.7 1 0.7 1.2 0.5 2.6 1.2 0.8 1.4 3.6 

SP_02 0.5 0.6 0.8 1.4 0.7 2 2.2 0.9 2.3 2.3 

SP_04 0.7 0.5 1.4 1.5 0.9 1.8 1.3 0.8 1.7 2.5 

SP_06 0.6 0.5 0.8 2.2 1.3 1.8 1.9 1.2 1.6 2.6 

SP_07 1.1 1.2 0.9 0.9 0.9 0.9 1 1.2 0.9 0.7 
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