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Abstract 

Does Articulation during Speeded Naming Reveal Continuous Negotiation of Parallel 

Constraints? 

by 

Peter A. Krause 

While traditional accounts characterize speech planning as serial, discrete, and walled 

off from behavior, newer proposals describe it as parallel, continuous, and delicately 

interweaved with execution.  This dissertation evaluates the claim that speakers under 

time pressure produce articulatory trajectories that are graded fits to continually 

evolving partial, parallel constraints.  In three form preparation experiments, motion-

tracked digital video captured oral postures over time.  Participants were sometimes 

primed with the nuclear vowels of CVC words.  All words contained either /i/ (spread 

lips; e.g., “seed”) or /u/ (rounded lips, e.g., “soup”).   In the first two experiments, 

initial consonants were highly uncertain.  In Experiment 1, articulatory postures 

produced before stimulus presentation anticipated the upcoming vowel when it was 

primed.  Experiment 2 included two pairs of vowel-primed blocks.  The words of one 

/i/-block began with the rounded consonants /w/ or /r/ (e.g., “weak”).  Primed vowels 

influenced anticipatory articulation except when superseded by conflicting demands 

from likely initial consonants.  In Experiment 3, initial consonants were always 

bilabial, but words were blocked such that either vowel (/i/ versus /u/) or coda type 

(alveolar/lateral versus bilabial/labiodental) was initially uncertain.  For example, a 

participant might know that an upcoming word would use an /i/ sound but not know 



xi 

whether the final consonant left the mouth relatively open (e.g., “meal”) or closed 

(e.g., “peep”).  Analysis emphasized words ending in alveolar/lateral codas, and 

followed the evolution of articulatory trajectories over the acoustic phase of the 

utterance, in both horizontal and vertical lip aperture dimensions.  Contrary to 

expectations, priming did not appreciably impact the shape of these two-dimensional 

trajectories.   
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Introduction 

 At coarse levels of specificity, the dynamics of cognition and behavior are 

well-approximated by procedural rules. However, the reality of human behavior is 

that it evolves in continuous, four-dimensional space-time. There is strong evidence 

that the range of states available to the nervous system is similarly best understood as 

varying over metrical space, and incrementally in time.  Although traditional 

phonology imagines linguistic competence to be expressed using an ordered system 

of timeless primitives, behavioral measurements of speech, especially in the speeded 

response tradition, have begun to erode this view.  The present dissertation will use 

speeded naming to consider the possibility that, under time pressure, planning 

processes reflect the parallel imposition of constraints on a fundamentally continuous 

multidimensional space, through which the speech production system flows. 

Much research of speech behavior has attempted to characterize it as 

comprising some set of discrete, atomic primitives.  Generally, this pursuit has taken 

one of two tacks.  The first approach searches for articulatory or acoustic correlates of 

symbolic linguistic entities such as phonemes (e.g., Liberman, Cooper, Shankweiler, 

& Studdert-Kennedy, 1967).  The second presupposes that motor behaviors, including 

speech, are necessarily built up of minimal, ballistically-executed subprograms, and 

attempts to make claims about the size of these subprograms (e.g., Sternberg, 

Monsell, Knoll, & Wright, 1978).  

Both approaches reflect historical trends in cognitive science that construct the 

mind as either implementing a Turing machine, or serving as a close analog to one.  
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Following Turing’s (1936) proof of automatable computation, much cognitive science 

assumed mental representations to be structured symbolic expressions.  Fodor (1975) 

suggested that the mind was implemented by a “Language of Thought” which had 

compositional syntax and semantics, and which was productive and systematic.  

Chomsky (1965) proposed that spoken language was a formal system of symbols and 

rules, and that the mind was pre-programmed from birth with grammatical features 

common to natural languages.  Newell and Simon, having explored the abilities of 

symbolic computer languages to implement mathematical theorem-proving (Newell 

& Simon, 1956) and means-ends problem-solving (Newell, Shaw, & Simon, 1959), 

hypothesized that physical symbol manipulation was necessary and sufficient for all 

intelligent behavior (Newell & Simon, 1975). 

By the early 1970s, however, evidence was emerging in favor of continuous 

processing without discrete, successive stages.  For example, Turvey (1973) 

examined the effects of backward masking on visual perception.  By using different 

visual masks that selectively targeted peripheral versus central processing, he 

provided compelling evidence that peripheral and central processing could not be 

successive, additive stages, but must operate in a “parallel-contingent” mode. 

Norman and Bobrow (1975) reviewed several results in the literature 

purportedly supporting claims that sub-processes did or did not share central 

processing resources (including various attention and perceptual learning tasks).  

They demonstrated that processes supposedly sharing resources had always been 

tested in their performance-limited (as opposed to data-limited) regions, a point that 
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others had overlooked.  Their interpretation of mind was simpler than those based on 

staging models but required assuming that processes made outputs continuously 

available. 

The foregoing examples led McClelland (1979) to propose his cascade model.  

This numerical model consisted of process components in a feedforward 

arrangement.  Rather than passing discrete outputs/inputs through a successive chain, 

all components operated continuously, each perpetually feeding its graded, 

quantitative output into the next element.  Sub-processes were collections of nodes 

that took on real-valued activation.  Input to a node determined an asymptotic 

activation to be approached; a rate constant governed how quickly this asymptote was 

reached. 

Continuous and cascaded views on processing call out to be interpreted within 

a new meta-theoretical framing.  Although it has yet to definitively dethrone the 

computer metaphor, several authors have advocated dynamical systems theory as a 

more appropriate formalism (e.g., Hopfield, 1982; Jordan, 1986; Kelso, 1997; Ohala, 

Browman & Goldstein, 1986; Saltzman & Munhall, 1989; Spivey, 2007).  

Spivey (2007) provided an accessible review for cognitive scientists.  Systems 

whose future states are partly governed by their present states are dynamical (i.e., 

they will sometimes change over time even without outside perturbation).  Dynamical 

systems often permit steady states, that is, stable configurations from which they do 

not deviate without outside input.  Many steady states have the property that the 

system tends to evolve “toward” them; in these cases, the steady states are point 
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attractors.  Many systems permit oscillatory state loops which, once entered, are not 

escaped without outside influence, and which similarly exert attractive power.  These 

loops are called limit cycles.  Finally, dynamical systems theory comes with several 

geometric conventions.  Systems plot trajectories through a state space; this space is 

defined according to a set of orthogonal axes, one for each relevant variable.  Some 

graphs imbue state space with a topography, by reserving a final axis for a property 

called energy that the system is presumed to minimize.  On such energy landscapes, 

the system always flows downhill, and point attractors sit in low-lying basins.  

One benefit of dynamical systems theory framings of mind is that they 

describe and harmoniously supplement computational modeling approaches that have 

yielded promising and cognitively-interesting results.  These approaches include 

recurrent neural networks (e.g., Ackley, Hinton, & Sejnowski, 1985; Anderson, 

Silverstein, Ritz, & Jones, 1978; Elman, 1990, 1991; Hopfield, 1982; Jordan, 1986; 

McClelland & Rumelhart, 1981, 1982).  These are activation-spreading networks in 

which the network graphs include closed loops; consequently, a network’s present 

state of activation is always partly constrained by past states of activation.  As 

typically simulated, recurrent neural networks may be viewed as discrete 

approximations to continuous dynamical systems (e.g., Spivey, 2007).  Dynamical 

systems theory and recurrent neural networks have figured prominently in theories 

challenging the prevailing view that speech is composed of discrete, symbolic 

primitives.   
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One major shift in thinking that accompanies migrating from the computer 

metaphor to dynamical systems theory framings is that one no longer speaks of the 

mind following steps or completing procedures.  One instead speaks of the mind as 

following continuous trajectories.  As Spivey (2007) has advocated at length, 

cognitive science has much to gain from behavioral measurements that similarly 

emphasize continuous change over time. 

Consider the example of Spivey and colleagues’ mouse-tracking studies (e.g., 

Bruhn, Huette, & Spivey, 2014; Dale, Kehoe, & Spivey, 2007; Spivey, Grosjean, & 

Knoblich, 2005).  Their effect has been to re-interpret smooth arm movements during 

forced-choice tasks as not reflecting discrete, this-or-that decisions.  Instead, the 

authors argue, the observed reach trajectories reflect evolving blends of multiple 

decisions, in which the relative contributions of different possible outcomes are 

continuously re-weighted over time.  In the domain of speech research, some of the 

most effective trajectory-based analyses have measured the positions of articulators 

such as lips or tongue in continuous space.  Resulting data ask us to consider whether 

phonetic behavior should be re-framed as reflecting, not a serial procession of 

symbolic primitives, but instead the navigation of some multidimensional 

phonological feature space. 

The two sections that follow consider by turn the search for symbolic 

phonological primitives, and the search for the minimal speech motor subprogram.  

The end of each section is reserved for findings that have especially benefited from 

the measurement of continuous-space trajectories. 
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Approach 1: The (Failed) Search for Symbolic Phonological Primitives in Speech 

A Discord: Seriated Phonology versus Continuous Phonetics.  While 

intuition suggests speech is built of recurring, discrete components, phonetic 

measurements imply continuous motor processes that, at best, obscure component 

boundaries, and at worst, do not have them.  Hockett (1955) famously compared 

speech segments to Easter eggs placed on a conveyor belt, along which they traveled 

until a wringer (the speech output process) smashed them all together.  

The 1960s and 1970s saw positions on the phonology-phonetics interface run 

the gamut from hardline-discrete to hardline-continuous viewpoints.  Some authors 

viewed purely segmental accounts of phonology and phonetics as satisfactory, even if 

they relied upon subjective transcriptions, because competence, not performance, was 

linguistics’ proper domain (Chomsky & Halle, 1968).  Others viewed segments as 

fictions born of limited imagination, and suggested that coarticulation was not a 

problem to be solved, but an illusion to be discarded (Hammarberg, 1976).   

There was occasional evidence that speech utilized freely-combined units.  

For example, collectors of in vivo speech errors (e.g., Fromkin, 1971) emphasized 

their resemblance to interchanges, anticipations, and perseverations of segments, 

especially ones filling equivalent structural roles.  Kozhevnikov and Chistovich 

(1965) proposed that speech chunks were delimited by a maximum coarticulatory 

span.  Their work with Russian speakers suggested this span terminated at the next 

immediate vowel; however, that pattern did not hold for English speakers (e.g., Moll 

& Daniloff, 1971).  When objective phonetic measures did unearth feature- or 
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segment-like correlates, they little-resembled the timeless dimensions favored by 

phonologists.  For example, voice onset time (Lisker & Abramson, 1964), stop pre-

nasalization (Lisker, 1972), and /u/-related lip-rounding (Bell-Berti & Harris, 1979) 

all derived phonological contrast from meaningful temporal intervals.  Additionally, 

work in speech perception suggested that, while vowel perception utilized steady-

state formant values, perceiving stop consonants immediately preceding vowels 

required sensitivity to formant tails – dynamic transitions into steady states 

(Liberman et al., 1967). 

Other research attempted principled explanations for translating nominal, 

discrete inputs to contextually-variable articulatory behaviors.  Feature-spreading 

models like Wickelgren’s (1969) “allophone” theory asserted that segments remained 

discretely delineated, but were mapped onto spoken forms that depended on the 

segments to either side.  Spatial-target models like MacNeilage’s (1970) motor-

equivalence account suggested that segments comprised sets of articulatory 

configurations to be achieved.  Closed-loop control systems were assumed to 

compute the contextual trajectories on-line. 

Toward Intrinsic Timing Accounts of Phonology.  Fowler (1980) found 

extant accounts of coarticulation severely lacking, due in large part to their shared 

assumption that phonetic timing was a consequence of performance but not 

phonology.  To Fowler (1980), accounting for coarticulation required a “four-

dimensional” phonology.  She suggested that consonants and vowels might be mostly 
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distinguished by dynamics; the rapid, non-cyclic operations of the former were 

possibly superimposed over the slowly-evolving, cyclic operations of the latter.   

Multiple researchers took up this dynamical viewpoint. Consider Jordan’s 

(1986) recurrent network for sequence control.  The system was designed to produce 

time-varying behavior in response to a stable input “plan,” historically a challenging 

problem for parallel networks.  It accomplished this by using a set of working 

memory nodes to buffer prior activity from the output nodes.  In addition, memory 

nodes linked to themselves with fixed-value fractional weights, so the buffer included 

not just the previous output, but an exponentially-decaying memory of all past 

outputs.  These working memory nodes were linked, by connections with trainable 

weights, to the hidden units.  Thus, clamping a single “plan” vector to the input units, 

for several successive time steps, led to the performance of sequences.   

Jordan (1986) conducted several speech simulations, in which output nodes 

standing in for phonetic features took on graded values.  He explored a training 

regime in which error was backpropagated only for some output nodes and only on 

certain time-steps.  The network’s learned “phonological grammar” thus comprised 

temporally-varying sets of partial constraints.  The network’s attractor dynamics 

naturally weaved efficient trajectories through these constraints, and complex 

coarticulatory patterns arose emergently. 

Articulatory Phonology: Intrinsic Timing Meets Metrical State Space.  

Ohala, Browman and Goldstein (1986) asserted that phonology was an abstract 

patterning of articulation rather than of sound; their theory was therefore named 
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Articulatory Phonology.  A descendant of spatial target models like that of 

MacNeilage (1970), Articulatory Phonology assumed that speaker intentions encoded 

vocal-tract geometries to be realized.  The linguistic primitives were dynamical 

systems (termed “gestures”) for which desired geometries were point attractors.  As 

in Jordan’s (1986) approach, specific trajectories were implicit, unplanned 

consequences of generalized attractor dynamics operating in specific contexts.  

Articulatory Phonology was strongly informed by the motor-control theories 

of Kelso and colleagues (e.g., Kelso, 1977; Kelso, Southard, & Goodman, 1979; 

Saltzman & Kelso, 1987), the unifying theme of which was traced in Kelso’s (1997) 

monograph Dynamic Patterns.  Kelso (1997) argued that, like many naturally-

occurring nonlinear dynamical systems, the biological nervous system could show 

strong self-organization (in Kelso’s conception, the suppression of redundant degrees 

of freedom) under the influence of certain control parameters.   

This principle underlay Saltzman & Kelso’s (1987) task-dynamic theory, 

which would become a central tenet of Articulatory Phonology.  Originally advanced 

as a model of limb movements, task-dynamic theory modeled the translation of 

dynamical systems expressed in abstract “task space” to coordinates in limb-

articulation space, by an inverse-kinematic mapping.  The model assumed muscle 

groups to spontaneously organize into temporary coordinative structures.  (See 

“Trajectory Measurements and Evidence for Dynamical Speech Planning” below for 

more about the empirical search for such structures in phonetic behavior.) 
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 Task-Dynamic Articulatory Phonology (Hawkins, 1992; Kelso, Saltzman, & 

Tuller, 1986; Saltzman & Munhall, 1989; Saltzman, Nam, Krivokapic, & Goldstein, 

2008) formulates gestures that differ qualitatively in the constituency of their 

articulatory synergies, and quantitatively in the specifics of their parameterization 

(resulting in varying constriction degrees, settling times, etc.).  Their point attractors 

determine equilibria for relational vocal tract parameters (e.g., vertical lip aperture), 

but do not specify explicit rest angles for individual articulators.  Instead, the target 

parameter is imagined to itself be a sort of terminal device.  For example, the 

shrinkage of the distance between the lips to a critical value could be thought of as the 

contraction of a spring to its “preferred” length.  The target parameter’s simple 

dynamics (modeled after damped mass-spring systems) are yoked, via nonlinear 

kinematic transformations, to movements of model articulators expressed in a 

different set of coordinates.  The end-effector’s equation of motion guarantees 

asymptotic approach to its rest position, irrespective of initial conditions (and 

therefore, irrespective of transient perturbation).  Because gestures are continuous-

space topologies, they can be overlapped in time, and the “blended” results can be 

made numerically explicit.  The coarticulatory trajectories that result reflect the 

effects of some articulators being partially recruited into multiple temporally-

overlapping gestures. 

 Early versions of Articulatory Phonology determined inter-gestural timings 

via hand-specified gestural scores (e.g., Browman & Goldstein, 1989).  As the task-

dynamic version of the theory was developed, some papers (e.g., Saltzman & 
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Munhall, 1989) raised the possibility that Jordan’s (1986) sequential connectionist 

machine might describe the proper dynamics of coordinative control.  More recent 

efforts (e.g., Saltzman et al., 2008) have coordinated gestures by assuming that each 

has an associated planning oscillator, and that higher-level speech plans (e.g., 

syllables) take the form of coupling graphs establishing temporary, pairwise linkages 

between oscillators.  Influences exchanged over these links cause oscillators to 

entrain to in-phase or anti-phase coupling modes.  After the oscillator network settles 

into a stable phasing pattern, oscillators activate their associated gestures upon 

crossing critical thresholds in their periods (conventionally, the 0⁰ position). 

Although Articulatory Phonology explicitly permits topological blending, it 

does so to account for the effects of normal coarticulation.  Can articulatory 

primitives competing for the exact same position be blended, perhaps due to cascaded 

processes? 

Gradience in Phonology: Co-Activation and Blending?  Evidence for 

partial co-realization of segments/features competing for the same articulatory 

position comes from tongue-twister tasks (e.g., Frisch & Wright, 2002; Goldrick, 

Barker, Murphy, & Baese-Berk, 2011; Goldrick & Blumstein, 2006; Goldstein, 

Pouplier, Chen, Saltzman, & Byrd, 2007; Pouplier & Goldstein, 2010).  

Goldrick and Blumstein (2006) acoustically recorded participants producing 

speeded alternations of minimal-pair, plosive-initial syllables differing only in initial 

voicing (e.g., “keff-geff”).  Perceptually, a common error was producing a syllable 

with the initial phoneme of its “twin.”  However, these substitutions were not 
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categorical, phonetically speaking. Instead, voice onset times (VOTs) for 

erroneously-produced unvoiced segments were somewhat shorter than those for 

correctly-produced unvoiced segments (and vice-versa).  Goldrick and Blumstein 

(2006) argued that error productions retained gradient influences from the “intended” 

targets. 

Current models of error co-productions differ in where they locate the origin 

of the conflict, and in whether they require error-suppression mechanisms.  For 

example, Pouplier and Goldstein (2010) proposed that co-productions reflected 

articulatory intrusions that only partly manifested before being curtailed by a parallel 

error-suppression mechanism.  However, the Gradient Symbol Processing (GSP) 

approach of Smolensky, Goldrick, and Mathis (2014) accounts for gradient co-

productions using only its phonological-computation assumptions.  The first reported 

GSP simulation qualitatively replicated Goldrick and Blumstein’s (2006) VOT 

results.  

GSP (Goldrick & Chu, 2014; Smolensky, Goldrick, & Mathis, 2014) was a 

broad attempt to marry the “sub-symbolic” (Smolensky, 1988) optimizations of 

distributed recurrent networks with the intuition that highly-abstract processes show 

approximately symbol-like constituency.  GSP took the idea of harmony networks 

(Smolensky, 1983) and added a quantization mechanism, suitable for distributed 

representations, roughly analogous to the competition experienced by localist nodes 

under mutual inhibition.  In Smolensky’s (1983) conception, networks optimize over 

a graded quantity called harmony, which is equivalent to the energy of conventional 
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dynamical systems theory, but which has the opposite sign.  In order to mitigate the 

risks of becoming stuck on local optima, the state-update rule for harmony networks 

includes a stochastic chance that they follow the harmony gradient downward instead 

of upward.  The size of this chance is governed by a parameter called “temperature” 

(after the term’s use in statistical physics).  Conventionally, temperature is gradually 

reduced over the time course of processing. 

Even after gradual reduction of the simulation’s temperature parameter, 

harmony-based constraint-fitting can favor optima intermediate to “symbolically-

pure” states.  GSP’s quantization dynamics creates an a priori attraction to pure 

states.    The system state prefers to flow uphill over a harmony landscape and settle 

onto peaks.  Occasionally, high temperature and quantization interact, and the 

network climbs an erroneous symbolic harmony peak early in the time course of 

processing.  Once there, climbing down off the peak is nearly impossible.  However, 

peaks can have broad surfaces, and continued optimization pulls the network to the 

side of the peak nearest the correct target.  Hence, a speaker may produce erroneous 

segments that are (for example) essentially unvoiced, but which have slightly 

shortened VOTs compared to a “correctly” produced unvoiced segment. 

Trajectory Measurements and Evidence for Dynamical Speech Planning.  

Analyses of articulator trajectories have made important contributions to the study of 

speech dynamics. Optical measurement of lip trajectories was essential in a study 

confirming the existence of phonological coordinative structures, as assumed in Task-

Dynamic Articulatory Phonology.  Kelso, Tuller, Vatikiotis-Bateson, and Fowler 
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(1984) hypothesized that coordinative structures were used to realize bilabial and 

alveolar constrictions.  They found that, when jaw motion was intermittently and 

unpredictably perturbed during /b/ or /z/ productions, other articulatory degrees of 

freedom immediately compensated, and the resulting productions were not perceived 

as errors.  For example, the trajectory of the upper lip showed greater displacement, 

and during production of /z/ (but not /b/), electromyographic activity increased in the 

tongue root.  Compensations occurred inside 20-30 milliseconds, suggesting no 

involvement of central re-planning.  

Trajectories have been similarly important in the study of articulatory co-

production.  Pouplier and Goldstein (2010) measured participants’ tongue-tip and 

tongue-dorsum trajectories during metronomic productions of the pairs “top-top,” 

“cop-cop,” “top-cop,” and “cop-top.”  In the syllable-alternation condition, the 

authors detected several “intrusions” of the incorrect initial tongue gesture, initiated 

closely in time to the correct one.  Intrusions were of smaller and more variable 

spatial magnitudes than the parallel-occurring, correct gestures, and were typically 

released earlier.  Pouplier and Goldstein (2010) verified that these intrusions were 

initiated just after the target gesture equally as often as they were initiated just before 

the target.  This was taken as evidence that they were genuinely parallel co-

productions, rather than discrete errors that were, sequentially, produced, then 

detected, then interrupted and replaced. 
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Approach 2: Seeking the Minimal Motor Sub-Program 

Sophisticated behavioral observations can set upper bounds on the minimal 

unit sizes to which planning and control processes respond.  This point is not 

uncontroversial in phonetics.  For example, Articulatory Phonology (e.g., Browman 

and Goldstein, 1989) asserts that gestures are linguistic primitives, but leaves 

ambiguous whether their selection requires prior activation of larger hierarchical 

units.  The coupled oscillator theory (Saltzman et al., 2008) carries an implicit 

assumption that syllable pre-planning is at least preferred, since the oscillator 

network must stabilize before enforcing proper inter-gestural coordination.  Analysis 

of coarticulatory patterns has sometimes been used to motivate assumptions of coarse 

planning units.  Recall that Kozhevnikov and Chistovich (1965) advocated for vowel-

terminal articulatory syllables in Russian; additionally, the presumed ubiquity of 

intra-syllabic coarticulation underlies some claims that word-level planning is 

mandatory in English (e.g., Lindblom, 1983; Rastle, Harrington, Coltheart, & 

Palethorpe, 2000).  Mental chronometric studies have also motivated the assumption 

of large speech-planning units, particularly owing to the influence of Sternberg et al. 

(1978).  The authors manipulated the number of items in short, prepared speech and 

keyboard typing sequences.  Participants rehearsed sequences in advance and were 

instructed to complete sequences as quickly as possible, thus minimizing response 

latency and response duration.  In the speech task, the authors found that utterance 

completion rates were affected by the number of words bearing primary stress, and 

consequently suggested that primary-stress words were speech’s natural motor 



16 

subprograms.  It is important to note that Sternberg et al.’s (1978) task demand that 

speakers not just initiate but also complete utterances rapidly possibly encouraged a 

tendency toward ballistic speech execution that has continued to be assumed in 

speech studies using quite different instructions. 

In combination with assertions by some linguists that the syllable is the 

natural domain of coarticulation (e.g., Lindblom, 1983), Sternberg et al.’s (1978) 

conclusions have informed the thinking of Levelt and colleagues (e.g., Levelt, 1989; 

Levelt, Roelofs, & Meyer, 1999; Roelofs, 1997).  Their model is massively 

influential, partly because of its breadth of scope: it begins with conceptualization and 

ends with a phonetic encoding mechanism just preceding articulation.  In the model, 

articulation is driven by selection and concatenation of syllable-sized motor-control 

regimes.  Partly, this reflects the authors’ solution to maximal-onset articulatory 

syllabification.  It has long been recognized that patterns of attack in articulatory 

syllables disregard morphemic boundaries, instead gathering as many consonants as 

possible (given phonotactic constraints) to the left of the nucleus.  The theory 

accounts for this by including two re-mapping stages between morphological 

encoding and articulation.  One (phonological encoding) translates selected 

morphemes into an ordinal phoneme chain.  A second (phonetic encoding) finds 

efficient mappings from the phoneme chain to a chain of syllables drawn from a 

restricted, overlearned inventory, such that the maximal onset principle is satisfied. 

Levelt et al. (1999) opposed the notions of cascaded influence, direct lateral 

competition, and feedback.  Successively-staged, pure-feedforward processes, so they 
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claimed, were more parsimonious.  Consequently, although their model excites 

syllable programs by an activation-spreading mechanism, articulation cannot proceed 

until a first-position syllable has been discretely and exclusively selected, and 

subsequently verified by a computational checking mechanism. 

Cholin and colleagues have sought empirical support for obligatory syllable 

selection, by measuring the effects of syllable frequency on production (Cholin, Dell, 

& Levelt, 2011; Cholin, Levelt, and Schiller, 2006).  When cued using novel symbols 

learned in advance, both Dutch and English speakers produce high-frequency 

syllables with shorter latencies than low-frequency syllables.  On the other hand, 

Sevald, Dell, and Cole (1995) have presented evidence that syllables are abstract 

schemas, and not “chunks” of motor process.  Their participants produced pairs of 

pseudowords (the first always monosyllabic, the second always disyllabic).  Pairs 

were completed more quickly when the first and second words were matched on 

maximal-onset syllable framing (e.g., “kil-perfen”) than when mismatched (e.g., 

“kilp-perfen”).  Whether words shared segmental overlap made no difference to the 

effect.  Further, Mooshammer et al. (2012) presented evidence that speech planning 

times might reflect statistical regularities at sub-syllabic scales.  Their participants 

completed a delayed naming task in which initial articulatory preparation was 

suppressed (to account for the concerns of Kawamoto, Liu, Mura & Sanchez, 2008; 

see below).  They found that articulatory latencies varied partly as a function of 

phonotactic probability, rather than syllable frequency per se. 
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 Kawamoto and colleagues (e.g., Holbrook, Kawamoto, & Liu, 2019; 

Kawamoto, Kello, Jones, & Bame, 1998; Kawamoto, Liu, Lee, & Grebe, 2014) have 

argued that individual segments can be produced without prior syllable selection.  

Kawamoto et al. (1998) suggested that irregularity costs during reading aloud might 

not reflect effects of phonological computation, but of phonetic production.  This 

suggestion arose as a natural consequence of a previously-reported recurrent neural 

network model of lexical memory (Kawamoto, 1988).  The model learned 

representations of words distributed over the activities of many nodes, in four sub-

groups (semantic, syntactic, phonological, and orthographic).  Nodes were fully-

interconnected, and the weight matrix was trained such that word activity patterns 

were stable.  Stimulating the network with a fragment of known word (say, just its 

spelling) caused inter-node interactions to “fill in” the remainder.  Any sufficiently-

distinct fragment, regardless of the nodes involved, precipitated pattern completion.   

Because recurrent networks evolve in simulated time, Kawamoto (1988) could track 

the time-course of pattern completion under different conditions.  He noted that when 

the network was stimulated with the spellings of irregular words (e.g., “pint,” which 

violates conventional spelling-sound rules), the phonological nodes assembled the 

pronunciation such that the irregularly-spelled phoneme (most commonly, the vowel) 

was the last fragment to be completed.  This suggested the possibility that a speaker 

might be able to trigger earlier phonemes into action as soon as they were planned (A. 

H. Kawamoto, personal communication, October 2014). 
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Irregularity costs were historically measured using acoustic latency.  

However, syllables beginning with plosive segments produce no sound until the first 

consonant is released (and the vowel initiated).  Recall that irregular spelling-sound 

mappings are disproportionately borne by vowels.  Thus, if one assumes segment-

wise, incremental articulation during speeded naming, then one expects that irregular 

words will have longer acoustic latencies only when they begin with plosives – the 

effect would not be one of extended production latency, but of prolonged duration of 

the initial (chiefly silent) segment.  Kawamoto et al.’s (1998) experiment, in which 

initial manner of articulation was explicitly manipulated, supported this hypothesis.  

Follow-up work by Kawamoto et al., (2014) suggested that, when primed with the 

initial segment identity, participants similarly lengthened the initial segment 

(compared to unprimed trials).  Further, on some primed trials, participants started 

initial segment productions before target word presentation. 

Levelt and colleagues historically resisted the incremental articulation account 

(see, e.g., their rebuttal to Kawamoto’s commentary in Levelt et al., 1999).  Much of 

this resistance was predicated on the assumption that if the incremental articulation 

claim had merit, then priming the first two segments of a syllable should offer no 

additional acoustic latency savings above priming just the first; however, Meyer 

(1991) had found just this effect.  Holbrook et al. (2019) demonstrated that this 

apparent increase in effect magnitude could be explained away as a phonetic artifact.  

If the stimulus inventory includes target words that begin with both plosive and 

nonplosive initial segments, then the latter will show an acoustic benefit if either the 
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first one or first two segments are primed, while the former will show an acoustic 

benefit only if the first two segments are primed.   

Liu, Kawamoto, Payne, and Dorsey (2018) countered the claim that intra-

syllabic coarticulation is ubiquitous.  Using a post-sibilant task, in which participants 

were forced to begin production of /s/-initial syllables before being cued with the 

specific target, the authors showed that spectral characteristics of coarticulation were 

imposed on /s/ only when participants were primed to know the vowel.  Otherwise 

participants recognizably produced the targets, but these productions simply excluded 

anticipatory coarticulation.    

Trajectory Measurements and Claims about Speech Subprograms.  

Measuring continuous articulatory motion has informed claims about minimal speech 

subprograms.  For example, Kawamoto et al. (2014) and Holbrook et al. (2019) 

supplemented their acoustic measurements with video-based analyses of articulatory 

onsets, operationalized according to strong movements of the vertical lip aperture 

toward its target position.  Both sets of authors found that articulatory onset occurred 

earlier than baseline if even one initial segment was primed.  Moreover, detection of 

differences in articulatory latency did not depend on the aerodynamic properties of 

the initial segment (contra measurements based on acoustic latency).  

Let us, for the moment, move beyond the question of how much material must 

be planned to trigger an initial plan into action.  Trajectory analyses have been key in 

demonstrating the answer to a conceptually-adjacent question.  How fine-grained are 

the phonological structures over which speakers have control (in the sense of gating) 
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when a speech plan is already unfolding?  Kawamoto, et al. (2008) investigated 

articulatory behavior during the delayed naming task. Participants were presented 

with words to be named, followed by a subsequent “go” signal; the intervening delay 

was systematically varied.  Participants delayed the acoustic phase of their response 

as instructed, but at longer delays implemented partial articulations of the first 

segment (e.g., the bilabial closure for /m/).  This did not, evidently, commit them to 

ballistic segment execution.   

In a related study, Tilsen and Goldstein (2012) had participants reproduce 

auditorily-presented syllables in the context of a stop-signal task.  While producing a 

standard initial vowel (/i/), the participant was cued to begin naming the target; a 

subset of trials included a “stop” signal presented inside a variable delay window.  On 

“stop” trials, the participant was to terminate acoustic and articulatory production as 

soon after the “stop” signal as possible.  Tilsen and Goldstein (2012) found that 

initiating a segment did not compel activating all its associated gestures.  For 

example, phonologists disagree on whether the bilabial release in /pa/ is a component 

of the /p/ or the /a/, but nonetheless agree that the bilabial closure is a component of 

/p/ and tongue-body lowering a component of /a/.  The authors observed several 

productions of /pa/ in which the bilabial closure was initiated but not released; on 

some of those trials the tongue body was lowered.  Therefore, the lack of bilabial 

release always reflected a failure to complete either /p/ or /a/. 

Krause and Kawamoto (2019) reported a trajectory-based study that straddled 

the questions of the minimal actionable subprogram, fine-grained articulatory control, 
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and possible articulatory cascading.  They examined vertical lip aperture trajectories 

when participants were primed with 50% certainty, 75% certainty, or 100% certainty 

of verbal targets’ initial segments.  Targets always began with either bilabial 

segments (requiring closure of the lips to execute) or nonbilabial segments (requiring 

that the lips be open).  Mean vertical lip aperture trajectories preceding bilabial-initial 

targets were statistically distinct from those preceding nonbilabial-initial targets even 

before the moment at which the target appeared on screen, in both the 100% and 75% 

conditions.  In the 50% condition, mean trajectories became distinct much later, after 

the choice reaction time.  Nonetheless, Krause and Kawamoto (2019) did not verify 

any acoustic latency advantage in either of the primed conditions, suggesting 

participants controlled their early oral posture independently of the mechanisms 

responsible for pumping air through the vocal tract.  Further, the early emergence of 

distinct trajectories in the 75% certainty condition raises the possibility that the 

observed oral postures reflected not discrete this-or-that decisions, but continuously 

re-weighted blends, as proposed by Spivey and colleagues. 

A Synthesis 

Most of the above results can be accommodated within a dynamical-systems 

style geometric framing.  Assume for the sake of argument that phonological well-

formedness exists as a gradient, rather than a digital all-or-nothing property, and that 

primitives such as phonemes or gestures are not symbolic entities but topological 

features of a multidimensional state space.  Under this view one might accept that, for 

example, planning (or producing) a phoneme to some criterion of correctness implies 
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penetrating to within some critical volume of the space.  Principles such as 

coarticulation and blending errors can be understood as arising from the specific 

shapes of trajectories taken through this continuous feature space.  The speed of the 

system’s traversal is flexible and under active on-line control, and the system can be 

launched forward before the full set of constraints limiting passage through the space 

are known.  As these are filled in, they will begin exerting influence over the shape of 

the unfolding trajectory.  As needed, progress through the space can be slowed or 

halted to allow tighter constraints to come online before progress resumes.  Although 

changing information in the environment may cause certain constraints to impose 

their influence earlier than others, it is in principle possible for all constraints to 

become active in parallel. 

Phonological well-formedness of larger entities such as syllables or words 

may be understood as being defined by corridors in the state space, rather than by 

specific trajectories.  Among the possible trajectories lying in a corridor, some will be 

more efficient than others, and some will lie in relatively more optimal parts of the 

well-formedness gradient (these constraints will not necessarily be opposed, although 

they perhaps could be in some situations).  During periods of time when the full range 

of movement constraints remains partially open or vague (such as when a speaker 

knows they will produce one of a small set of words but not which specific word), the 

system will attempt, to the degree possible, to follow a path through space that lies in, 

or at least proximal to, many nominal corridors at once.  Articulatory Phonology was 

proposed, in part, to explain surface variability in the performance of articulatory 



24 

gestures due to phonetic context.  Similarly, the present account can explain surface 

variability in the performance of whole syllables and words due informational or task 

context. 

The Current Study 

The experiments described in this proposal evaluate whether speeded naming 

behaviors induced in the form preparation task (i.e., the implicit priming task of 

Meyer, 1990, 1991) are explainable within the narrative just outlined.  They are a 

companion to, and extension of, the work reported by Krause and Kawamoto (2019).  

That study found that participants frequently shaped their lips to be consistent with 

the initial segments of likely upcoming utterances, even when the initial segment 

itself was only probabilistically certain.  The current study extends the paradigm to 

examine the early articulatory influence of vowels, to consider the influence of 

parallel constraints simultaneously imposed by different segments of the possible 

utterance, and to attempt to clarify the role of genuinely graded constraint 

satisfaction, versus discrete guessing behaviors. 

Experiment 1 

Experiment 1 organized naming stimuli into blocks homogeneous or 

heterogeneous for nuclear vowel.  The specific hypothesis was that, for homogeneous 

blocks, pre-stimulus horizontal lip apertures would be smaller on trials in /u/-

homogeneous blocks than trials in /i/-homogeneous blocks, even after controlling for 

perseverative coarticulation.  However, the prediction was that no comparable 

difference would arise for /u/-trials versus /i/-trials in heterogeneous blocks. 
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Method 

Participants.  Twenty-four undergraduate students (16 female, eight male) 

from the University of California, Santa Cruz participant pool participated in this 

study, in exchange for partial course credit.  All participants were native English 

speakers unaware of the study’s aim, who reported normal or corrected-to-normal 

vision.  Ages ranged from 18-22 years (M = 18.7).  71% identified as White, 33% as 

Asian, 8% as Hispanic or Latino, 4% as Black or African American, and 4% as 

Pacific Islander (multiple identifications permitted).  The UCSC Office of Research 

Compliance Administration approved this study.  

To determine sample size, a small pilot study was conducted (N = 9) which 

included only homogeneous blocks (but the same number of homogeneous trials 

intended for Experiment 1).  A linear mixed-effects model was fit to the horizontal lip 

apertures measured at the moment of stimulus presentation.  This model estimated 

that lip aperture differed by 0.80 mm between /i/- and /u/-homogeneous blocks.  To 

control for the possibility that this effect was spuriously large, this effect size was 

averaged with the effect size that Krause and Kawamoto (2019) estimated for the 

difference in vertical lip aperture (0.36 mm) between bilabial- and alveolar-

homogeneous blocks at the same time point.  The averaged effect size (0.58 mm) was 

then used in a power analysis conducted using R’s SIMR package (Green & 

MacLeod, 2016).  SIMR carried out a series of 100-run Monte Carlo simulations of 

LMMs based on the one used to test the results of the pilot.  Each 100-run simulation 

was executed for a different number of simulated participants, ranging between four 
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and 24.  Estimated power was based on the percentage of runs at each sample size 

with an effect exceeding the desired alpha of .05.  An N of 24 was the first for which 

the power estimate’s lower confidence bound exceeded 90%. 

Stimuli.  Stimuli were orthographically presented words drawn from the 

English Lexicon Project database (Balota et al., 2007).  They comprised 12 low-

frequency consonant-vowel-consonant (CVC) monosyllables (Kucera-Francis < 

1000), two each beginning with initial segments /k/, /g/, /s/, /z/, /t/ and /d/.  These 

initial segments were selected because they do not invalidate anticipatory 

coarticulation of a nuclear /u/ or /i/.  That is, anticipatory rounding or spreading of the 

lips would not violate the phonological constraints of the initial segment.  For each 

pair of words beginning with a given initial segment, one word had the vowel /u/, and 

one had the vowel /i/.  The full list appears in Table 1.  

 

Table 1.  Heterogeneous blocks used in Experiment 1. 

Initial Segment  Heterogeneous Block  

  Set 1  Set 2 

/k/  coot  keen 

/g/  geese  ghoul 

/s/  soup  seed 

/z/  zeal  zoom 

/t/  tooth  team 

/d/  deep  duke 

 

Design.  Experimental manipulation was within participants.  The stimulus 

words were arranged into six-item blocks. Two of these blocks were homogeneous 

for vowel (/u/ blocks vs. /i/ blocks).  Two heterogeneous blocks were created.  Each 
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heterogeneous block contained one word of each initial segment, but three words of 

each vowel (see Table 1).    

Blocks included five individual tokens of each stimulus word, meaning they 

consisted of 30 trials total.  Participants encountered their two homogeneous blocks 

consecutively, and their two heterogeneous blocks consecutively.  Order was 

counterbalanced between participants such that half saw their homogeneous blocks 

first, and half their heterogeneous blocks first.  Participants proceeded through the 

complete set of four blocks twice back-to-back. Order was also counterbalanced 

between participants such that within pairs of consecutive homogeneous blocks, half 

of participants encountered their /u/ blocks first and half their /i/ blocks first, and 

within pairs of consecutive heterogeneous blocks, half of participants encountered Set 

1 first and half Set 2 first.  There were 240 trials in total. 

Blocks began with a study phase in which the six stimulus words were 

presented in a vertical list to be read aloud.  This is conceptually similar to study 

phases used in other variants of the form preparation task (e.g., O’Séaghdha and 

Frazer, 2014), and presumably serves to activate all or nearly all target stimuli in 

working memory.  The testing phase then included the individual naming trials.  

Randomization without replacement was implemented at the level of the 30-token 

pool, rather than the set of six stimulus items.  This means that participants might 

encounter multiple tokens of the same item before having seen a token of every other 

item.  However, randomization was constrained such that participants never 

encountered two tokens of the same item on consecutive trials. 
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Apparatus.  The experiment was carried out on a Dell Optiplex 380 PC using 

the Windows 10 operating system.  The experiment was conducted in the 

RUNWORD psycholinguistic testing environment (Kello & Kawamoto, 1998), 

running inside the DOSBox v0.74 emulator.  Emulation was necessary because 

RUNWORD was programmed to run in an MS-DOS environment.  The display 

attached to the experiment-running computer was a 22-inch Dell LCD monitor with a 

65 hz refresh rate, operating at 1680 x 1050-pixels resolution. From where the 

participant was seated, stimuli encompassed 1.1 to 2.5 degrees of visual angle.    

Digital video of the participant’s face was captured through a Razer Kiyo 

webcam mounted on the monitor attached to the experiment-running computer.  The 

webcam was connected via USB to a ThinkCentre M Series PC using the Windows 

10 operating system, which handled recording of participant video and audio.  A 

Model K053 Fifine Technology lavaliere lapel microphone captured digital audio of 

the participant’s verbal responses.  These were passed into the recording computer via 

USB input.  RUNWORD indicated trial onsets and offsets by producing a 300 Hz and 

500 Hz tone, respectively.  These tones were amplified by a SignsTek Audio digital 

audio converter, and then passed into the recording computer via USB input.  On the 

recording computer, participant audio, and trial onset and offset tones, were merged 

into a single stereo signal (while remaining on separate channels), using the 

VoiceMeeter software.  Digital audio and video from the experiment were encoded 

into a single .mp4 file using OBS Studio 21.0.  Audio of the .mp4 file was sampled at 
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44.1 kHz, and video was encoded at 60 frames per second, using 1280 x 720-pixels 

resolution. 

Procedure.  After obtaining informed consent, the experimenter seated the 

participant in front of the experiment-running computer, where the participant read 

the instructions.  These instructions included the directive to begin the verbal 

response as soon as possible (see Holbrook et al., 2019, for a caution against using the 

typical instruction to “respond quickly.”)  Then the experimenter verified that the 

participant was seated such that they could comfortably and consistently reach the 

spacebar without moving in their chair.  The experimenter then verified that the 

participant’s complete face was framed by the camera, directed the participant to 

avoid unnecessary head and chair movements, and started the recording.  The 

participant then completed all practice and test trials.  

Each trial was preceded by a message on the screen saying “Ready?”  This 

message remained on-screen until the participant initiated the trial by pressing the 

spacebar.  The message was then replaced by a blank screen for 50 ms, then a fixation 

asterisk (“*”) for 300 ms, and finally by the target stimulus for 700 ms.  

Results 

Data preparation.  

Acoustic coding.  A custom Python script isolated the audio of the 

participant’s verbal responses and segmented it into trials by referencing the beeps in 

the video’s secondary audio channel.  Each resulting audio segment began coincident 

with stimulus presentation and ended 1150 ms later.  (Although words were only 
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displayed for 700 ms, this choice maximized the chance that the entire verbal 

response would be captured in the segmented audio).  Trained research assistants then 

listened to each segmented verbal response and noted errors, including stutters, 

mispronunciations, and failures to respond.  Acoustic latency for each segmented trial 

was determined using the default recurrent network model for DeepWDM (Goldrick 

et al., 2018).  This model shows reasonable agreement with human raters, and 

generally ignores spurious non-linguistic noises preceding the real acoustic onset (see 

Goldrick et al., 2018 for validation data).  Trials for which DeepWDM could not 

determine an acoustic onset, or for which acoustic latency exceeded 750 ms 

(suggesting inattention), were also categorized as errors.  

Motion tracking of video.  A custom Python script segmented participant 

video into trials by referencing the beeps in the video’s secondary audio channel.  

Each resulting video segment began coincident with trial initiation (350 ms before 

stimulus presentation) and ended at stimulus offset (i.e., 1050 ms later).  The 

OpenFace v2.0 face-tracking software (Baltrušaitis, Zadeh, Lim, & Morency, 2018) 

processed each video segment.  OpenFace automatically detects the most prominent 

face present in a digital video and tracks the positions, in a 3D coordinate space, of 

128 parameters.  It expresses the locations of the tracked parameters in millimeters of 

distance from camera origin.  (In order to facilitate accurate positional estimation, 

OpenFace was provided with the focal lengths and optical centers of the Razer Kiyo 

webcam, determined using checkerboard calibration.)  OpenFace also automatically 

computes head orientation at each frame along the three translational degrees of 



31 

freedom (in millimeters (mm)) and three rotational degrees of freedom (in radians).  

Of particular interest was the software’s report of the moment-by-moment locations 

of each corner of the mouth (i.e., OpenFace parameters 48 and 54).  These positions 

would later serve as the basis for computing changes in horizontal lip aperture (see 

below).  Although the camera was not fixed in relation to the head, parameter 

positions were already estimated with respect to the fixed camera origin, removing 

the need to normalize estimated positions to correct for head position or orientation.  

In addition, extreme pitch and/or yaw of the head during naming trials was tempered 

by task constraints, since participants had to look at the screen to see the naming 

stimulus.   

Taking the tracked OpenFace parameter coordinates as input, a custom Python 

script computed Euclidean distance between corners of the mouth in the (x,y) 

coordinate plane, at each frame of each video segment.  The script smoothed each 

resulting horizontal lip aperture trajectory using a Savitsky-Golay filter, applied with 

a third-degree polynomial and a window size of seven frames. 

Statistical analysis.  All the results to be reported were obtained via linear 

mixed-effects modelling (LMM), carried out with R’s lme4 package (Bates, Mӓchler, 

Bolker, & Walker, 2015).  Model fitting followed the “parsimonious” approach 

advocated by Bates, Kliegl, Vasishth, and Baayen (2018), and final fitted models 

were computed using restricted maximum likelihood estimation.  For each model 

computed, the maximal motivated random-effects structure will be reported (Barr, 

Levy, Scheepers, & Tily, 2013), as will the parsimonious model achieved after 
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applying Bates et al.’s (2018) simplification procedure.  Standardized effect sizes for 

final models will be reported using Nakagawa, Johnson, and Schielzeth’s (2017) 

method for determining conditional and marginal r2.  Finally, hypothesis testing of 

fixed effects was carried out via F- and or t-testing of model-estimated values using 

Satterthwaite-estimated degrees of freedom.  (For a justification of this hypothesis-

testing approach, see Luke, 2017).  

Acoustic errors.  In total, 118 trials were identified as containing acoustic 

errors (2.0% of original data).  This was an insufficient number to support meaningful 

error analysis.  

 Acoustic latency.  Prior to conducting acoustic latency analysis,  trials with acoustic 

errors were excluded.   

 Although several form preparation studies have reported a shortening of 

acoustic latencies in the homogeneous context, this generally has not been found 

when the overlapped fragment is not contiguous with the start of the utterance (e.g., 

Meyer, 1991).  Therefore, no difference was expected to arise, but the acoustic 

latency results are reported here for completeness.  Manner of articulation of the 

initial segment has a strong influence on acoustic latency (Kawamoto at el., 1998).  

The independent variables of interest were thus context (homogeneous vs. 

heterogeneous) and initial manner (plosive vs. fricative).  The maximal motivated 

random-effects structure included random intercepts for participants and items, by-

participant random slopes for manner, context, and the manner × context interaction, 
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and a by-item random slope for context, with random effects permitted to correlate.  

(A by-item random slope for manner would not be definable, because manner varies 

between items.) 

The final simplified model excluded the by-participant random slope for the 

manner × context interaction, and also excluded the by-item random-effects 

correlation terms.  Conditional r2 was .436, and marginal r2 was .010.  Neither the 

main effect of context (F(1, 23) = 0.23, p = .64) nor the manner × context interaction 

(F(1, 10) = 0.29, p = .60) was reliable.  

Horizontal lip aperture.  Prior to analyzing horizontal lip aperture, trials were 

excluded that might contribute distortions to the trajectory data.  The general strategy 

was to drop trials with greater-than-usual absolute pitch and/or yaw of the face (to 

ensure that the face was pointing at the camera dead-on) and to verify that retained 

trials for each participant remained in a narrow range of z-translations (i.e., distance 

of face from camera).  Specifically, maximum absolute pitch and maximum absolute 

yaw was computed for every trial.  Trials for which maximum absolute pitch or yaw 

exceeded the omnibus mean by greater than 2.5 standard deviations were dropped.  

Average z-translation for each trial were also computed.  Trials for which average z-

translation fell more than 2.5 standard deviations above or below the mean for that 

participant were also dropped.  Further, any trials during which OpenFace’s tracking 

confidence fell below 85% were dropped.  All together, these criteria resulted in the 

exclusion of 127 trials (2.2% of original data.)  In addition, predictor terms for the 

vowel of the immediate prior utterance in the block were desirable (in order to control 
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for possible perseverative coarticulation between consecutive trials in the same 

block).  Therefore, the first trial of every block was also excluded, which, given 

earlier exclusions, came to 175 trials (3.0% of original data).  Together with earlier 

exclusion of acoustic errors, articulatory analysis was carried out with 7.3% of data 

removed.  

Figure 1 depicts mean horizontal lip apertures over a span beginning with trial 

initiation (350 ms before stimulus presentation) and ending with the removal of the 

stimulus from the screen (700 ms after stimulus presentation).  To fairly reflect 

participant-level variability, error bars depict standard error of the mean of participant 

means. 

Figure 1.  Mean horizontal lip apertures from Experiment 1, in the window 

from trial initiation (350 ms before stimulus presentation) until stimulus removal (700 

ms after stimulus presentation).  Each frame spans 16.67 ms.  Error bars: ± 1 SEM. 
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 LMMs were computed to assess the effects of the manipulation on horizontal 

lip aperture at four critical time points.  These were based on the time points reported 

in Krause and Kawamoto (2019).  They were: Frame -21 (trial initiation), Frame 0 

(stimulus presentation), Frame 13 (i.e., two frames before the choice reaction time, 

assuming choice RT ≈ 250 ms), and Frame 17 (i.e., two frames after choice RT).  

Krause and Kawamoto (2019) found that lip apertures were consistent with initial 

segment demands in the homogeneous context starting at trial initiation and 

continuing through the end of the analysis window.  However, in the heterogeneous 

context, lip apertures did not become consistent with initial segment demands until 

just after the choice RT. 

These analyses crossed the independent variables of context (homogeneous 

vs. heterogeneous) and vowel identity of the naming target (/i/ vs. /u/).  They also 

included a fixed factor for the vowel of the immediately previous utterance, to 

statistically control for the contribution of possible perseverative coarticulation. 

Consequently, the maximal motivated random effects structures included random 

intercepts for participants and items, by-participant random slopes for context, target 

vowel, the context × target vowel interaction, and prior vowel, and by-item random 

slopes for context and prior vowel, with random effects permitted to correlate.  (A by-

item random slope for the target vowel would not be definable, because target vowel 

varies between items.) Table 2 reports the final simplified random effects structures 

of each model, as well as their standardized effect sizes. 
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Table 2.  Summaries of random effects structures and standardized effect sizes for 

LMMs of horizontal lip aperture in Experiment 1. 

 

 Random Effects  r2 

Frame Participants Items  Condit. Marg. 

-21 Intercept + Context + 

Target Vowel 

Intercept + Context  .717 .011 

0 Intercept + Context None  .755 .008 

13 Intercept + Target Vowel 

+ Correlations 

Intercept  .820 .127 

17 Intercept + Context + 

Target Vowel + 

Correlations 

Intercept  .847 .188 

 

There was a reliable main effect of prior vowel at Frame -21 (t(4928) = 6.39, 

p < .0001) and Frame 0 (t(5265) = 4.26, p < .0001), suggesting a possible influence of 

perseverative coarticulation.  However, evidence for anticipatory processes emerged 

despite this factor’s inclusion in the models, as depicted in Table 3.  Table 3 

emphasizes the two-way interaction in each model, which is of chief theoretical 

interest.  Simple effects computed within each level of context are nested underneath 

each reported interaction. 
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Table 3.  Summaries of fixed effects in LMMs of horizontal lip aperture in 

Experiment 1. 

    Compar. (/i/ – /u/) 

Frame Effect Test Est.  95% CI 

-21    Context*Vowel F(1, 63) = 7.92**   

       Vowel (Hom.)    t(40) = 2.63† 0.40 [-0.01, 0.80] 

        Vowel (Het.)    t(33) = -0.19 -0.02 [-0.36, 0.31] 

0    Context*Vowel F(1, 5266) = 15.92***   

        Vowel (Hom.)    t(69) = 4.01** 0.54 [0.19, 0.90] 

        Vowel (Het.)    t(38) = -0.07 -0.01 [-0.32, 0.30] 

13    Context*Vowel F(1, 5280) = 18.53***   

        Vowel (Hom.)    t(34) = 5.50*** 3.02 [1.54, 4.51] 

        Vowel (Het.)    t(33) = 4.52*** 2.47 [0.99, 3.95] 

17    Context*Vowel F(1, 5257) = 6.64*   

        Vowel (Hom.)   t(34) = 5.39*** 3.87 [1.93, 5.81] 

        Vowel (Het.)   t(33) = 4.94***  3.53 [1.60, 5.47] 

Note.  Pairwise comparisons are given in mm, and their p-values and CIs are Tukey-

adjusted. 
†p < .06.  *p < .05.  **p < .01.  ***p < .001. 

 

 The context × vowel interaction was statistically reliable at all frames.  At 

Frame 0 this interaction arose because horizontal lip apertures were wider for /i/ 

words than for /u/ words in the homogeneous context, but not in the heterogeneous 

context.  A similar pattern is suggested even earlier, at Frame -21, although the 

pairwise difference for homogeneous items is statistically marginal.  By Frames 13 

and 17, horizontal lip apertures differed for /i/ and /u/ words in both contexts, though 

the magnitudes of these contrasts were smaller in the heterogeneous context.  While 

lip apertures in the heterogeneous context were adjusted more quickly than expected 

(as early as 33 ms before the putative choice RT), the general pattern is consistent 

with correct anticipatory postures arising in the homogeneous context, but not the 

heterogeneous one. 
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Individual differences in anticipatory posturing.  Following the approach in 

Krause and Kawamoto (2019), individual differences in the articulatory effects were 

also visualized.  Figure 2 plots, for each participant, their mean horizontal lip aperture 

for /i/ words minus their mean aperture for /u/ words, at each juncture and in each 

context.  As can be readily seen, for most participants this difference exceeds 0 in the 

homogeneous context, going all the way back to trial initiation.  

 

 Figure 2.  Changes over time, and across contexts, in the difference in mean 

horizontal lip aperture (/i/ - /u/), visualized with a separate line for each participant.  

Each frame spans 16.67 ms. 

Discussion 

The main finding of Experiment 1 was that foreknowledge of nuclear vowels 

influenced oral postures adopted before the initial consonant could be certainly 
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known.  Although priming was achieved by arranging stimuli into related blocks, the 

effect emerged despite statistically controlling for perseverative coarticulation.  

Visualization of participants’ individual response patterns suggested this effect was 

robust across the sample.  There is no indication that the measured effect is 

idiosyncratic to a few individuals, or that it represents a maladaptive strategy.  This 

leads us to two conclusions.  Firstly, the production system can act on advance 

information about an upcoming nuclear vowel, even when the specific phonetic 

context is uncertain.  Secondly, there is likely little harm in doing so, and perhaps 

there is a benefit. 

 As reviewed in the introduction, these conclusions are difficult to reconcile 

against models of serial phonological encoding.  For example, in the WEAVER 

model of lexical access (Roelofs, 1997), phonological encoding activates phonemes 

incrementally from left to right.  This process can be suspended and then later 

resumed.  However, phonemes cannot be skipped over, and phonemes to the left of 

the furthest progress cannot be selectively replaced.  Correcting earlier phonemes 

requires un-encoding all information and re-starting the incremental rightward 

process.  Further, articulation cannot be initiated until the phonological code is 

completed and used as a template for selecting an appropriate syllabic motor plan.   

Stimulus sets in Experiment 1 always included six words.  To show 

anticipatory lip postures, participants would have to serially-encode whole syllables 

and ship them off for articulation.  They would then have to hold those syllables 

partially in abeyance.  This poses its own difficulties, since WEAVER simulates the 
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Nijmegen Model (Levelt, Roelofs, & Meyer, 1999), which has generally assumed 

ballistic, rather than strategically-regulated, execution (e.g., Levelt and Wheeldon, 

1994; Wheeldon & Lahiri, 2003).  Upon seeing the stimulus, participants would 

usually need to serially encode a whole new syllable and substitute it for the one 

originally put in production.  This chain of events strikes us as implausibly inefficient 

with planning resources and encoding time.  

Experiment 2 

The results of Experiment 1 indicate that participants utilize advance 

knowledge of the vowel to drive oral posture even before the specific target word is 

certain.  One possibility is that speakers’ unfolding articulatory trajectories reflect the 

parallel imposition of constraints from all currently-available information.  Under this 

view, anticipatory oral postures in the form preparation task respect the composition 

of the entire set of current target words.  For example, participants in Experiment 1 

were free to implement anticipatory lip-spreading in /i/-homogeneous sets because 

doing so did not threaten the phonological integrity of any of the relevant initial 

segments. 

 An alternative possibility is that the shared vowel in homogeneous sets 

uniquely captured participants’ attention, causing them to implement rounding or 

spreading without regard for the distribution of possible phonetic environments in 

which the vowel might be embedded.  To account for this possibility, Experiment 2 

varied the design of Experiment 1 such that, while all four of the word sets were 

vowel-homogeneous, one of the /i/-homogeneous sets used initial consonants /w/ and 
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/r/, which require small horizontal lip apertures for correct execution.  The specific 

hypothesis was that anticipatory horizontal aperture would not vary between this 

constrained /i/-homogeneous set and a matched /u/-homogeneous set, though it once 

again would vary between an unconstrained /i/-homogeneous set and a different 

matched /u/-homogeneous set (such that it was larger in the unconstrained /i/-

homogeneous set). 

Method 

Participants.  24 undergraduate students (19 female, five male) from the 

University of California, Santa Cruz participant pool participated in this study, in 

exchange for partial course credit.  All participants were native English speakers 

unaware of the study’s aim and reported normal or corrected-to-normal vision.  Ages 

ranged from 18-25 years (M = 19.3).  63% identified as White, 29% as Hispanic or 

Latino, 21% as Asian, 4% as Black or African American, and 4% as Pacific Islander 

(multiple identifications permitted).  The UCSC Office of Research Compliance 

Administration approved this study.  

Sample size selection was motivated by the same power analysis that 

informed Experiment 1. 

Stimuli.  Stimuli were orthographically-presented CVC words.  The need to 

construct a constrained /i/-homogeneous set placed strong restrictions of stimulus 

selection, forcing that the prior requirement that Kucera-Francis frequencies fall 

below 1000 be relaxed.  The final stimuli appear in Table 4.  Unlike Experiment 1, no 
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effort was made to hold initial segments constant across contexts, because the degree 

of constraint on horizontal lip aperture expressly varies between initial segments.  

 

Table 4.  Stimulus words for Experiment 2, grouped by block. 

/u/-homogeneous sets  /i/-homogeneous sets 

Set 1  Set 2  Constrained  Unconstrained 

coot  duke  reef  geese 

coop  dune  ream  gear 

tooth  soup  weed  leaf 

tomb  soothe  weak  lean 

 

Design.  The experimental manipulation was within participants.  As seen in 

Table 4, there were no heterogeneous blocks in this experiment.  Instead there were 

two /u/-homogeneous blocks and two /i/-homogeneous blocks, one of which 

contained all /r/- or /w/-initial words, thus demanding initial lip-rounding.  Each block 

contained four stimulus words.  To approximately match the number of trials per 

block used in Experiment 1, each block contained eight tokens of each word, making 

the total trials per block 32.  Within blocks, trial order was randomized as per the 

principles used in Experiment 1.  

As in Experiment 1, half of participants started with an /u/ block and half with 

an /i/ block.  For half of participants, the first /i/ block encountered was the 

constrained block.  Participants completed all four blocks in an alternating order; they 

then completed this entire operation a second time.  Consequently, they performed 

256 total trials.  For half of participants, the /u/-block labelled as Set 1 was the 
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matching set against which the constrained /i/ block was compared; for the other half 

of participants, it was Set 2. 

Apparatus and procedure.  The apparatus and procedure were identical to 

those used in Experiment 1.  

Results 

Data preparation.  Acoustic coding and motion tracking of video were 

carried out as in Experiment 1.  

Statistical analysis.  Parsimonious LMMs were fit to the dependent variables 

of interest using the procedures outlined for Experiment 1, and hypothesis testing was 

once again performed using Satterthwaite-estimated degrees of freedom. 

 Acoustic errors.  In total, 136 trials were identified as containing acoustic errors 

(2.2% of original data).  This was an insufficient number to support meaningful error 

analysis.   

Acoustic latency.  For all sets, vowel predictability was the same (100% 

certain), and initial consonant predictability was also the same (50% certain).  An 

acoustic latency analysis was therefore not expected to be informative.  

Horizontal lip aperture.  Trials with extreme head orientation based on 

maximum absolute pitch/yaw and mean z-translation were again excluded, using the 

same criteria as in Experiment 1.  Trials were once again excluded for which 

OpenFace’s confidence estimate fell below 85%.  However, the first trial of every set 

was not dropped as before.  This is because Experiment 2’s design did not present any 

situations in which previous vowel could be dissociated from current vowel (i.e., 
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there were no heterogeneous blocks).  There was therefore no statistical control for 

previous vowel, as in the earlier experiment.  These criteria led to the exclusion of 

157 trials (2.6% of original data).  When considering the acoustic error trials already 

dropped, horizontal lip aperture effects were analyzed with 4.8% of original data 

excluded.  

Figure 3 depicts mean horizontal lip apertures from trial initiation to stimulus 

removal. 

 

Figure 3.  Mean horizontal lip apertures from Experiment 2, in the window 

from trial initiation (350 ms before stimulus presentation) until stimulus removal (700 

ms after stimulus presentation).  Each frame spans 16.67 ms.  Error bars: ± 1 SEM. 
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LMMs were computed to assess the effects of the manipulation on horizontal 

lip aperture at the four critical time points used in Experiment 1.  It was predicted that 

in the unconstrained context, trajectories for /i/- and /u/-homogeneous sets would 

statistically differ throughout the analysis window, whereas in the constrained 

context, differences would not emerge until close to the choice RT (i.e., the last two 

time-points). 

These analyses crossed the independent variables of context (constrained vs. 

unconstrained) and vowel identity of the naming target (/i/ vs. /u/).  The maximal 

motivated random effects structures included random intercepts for participants and 

items, by-participant random slopes for context, target vowel, and the context × target 

vowel interaction, and no by-item random slopes, with random effects permitted to 

correlate.  (No by-item random slopes were possible because target vowel varied 

between items, and, for /i/ words, constraint was also an item-wise property.) Table 5 

reports the final simplified random effects structures of each model, as well as their 

standardized effect sizes. 
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Table 5.  Summaries of random effects structures and standardized effect sizes for 

LMMs of horizontal lip aperture in Experiment 2. 

 Random Effects  r2 

Frame Participants Items  Condit. Marg. 

-21 Intercept + Context + 

Target Vowel + Context × 

Target Vowel + 

Correlations 

Intercept  .825 .002 

0 Intercept + Target Vowel None  .820 .003 

13 Intercept + Context + 

Target Vowel + Context × 

Target Vowel 

Intercept  .849 .046 

17 Intercept + Context + 

Target Vowel + Context × 

Target Vowel 

Intercept  .844 .043 

  

Table 6 once again emphasizes the context × vowel interaction that is chiefly of 

interest, and reports simple effects when the interaction is reliable.  Although the 

interaction was not present at Frame -21, there was a main effect of vowel at Frame -

21, t(23) = 2.38, p = 0.03.  Although interaction was reliable at all subsequent frames, 

the simple effects of interest did not always pattern as expected.  Pairwise differences 

across vowel identity did not arise at all on Frame 17, and on Frame 13 arose only for 

the constrained context, reflecting the fact that, at that moment in time, /w/- and /r/- 

related lip-rounding was in fact stronger than /u/-related lip rounding.  However, at 

Frame 0, the pattern was exactly as predicted: in the unconstrained context, horizontal 

lip apertures were smaller preceding /u/ words than preceding /i/ words. 
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Table 6.  Summaries of fixed effects in LMMs of horizontal lip aperture in 

Experiment 2. 

    Compar. (/i/ – /u/) 

Frame Effect Test Est.  95% CI 

-21    Context*Vowel F(1, 23) = 1.66   

0    Context*Vowel F(1, 5802) = 58.22***   

        Vowel (Unconst.)    t(28) = 3.48* 0.57 [0.12, 1.01] 

        Vowel (Const.)    t(28) = -1.22 -0.20 [-0.64, 0.27] 

13    Context*Vowel F(22) = 23.42***   

        Vowel (Unconst.)    t(41) = 1.87 0.97 [-0.61, 2.55] 

        Vowel (Const.)    t(29) = -3.06*** -1.60 [-3.02, -0.18] 

17    Context*Vowel F(19) = 19.98***   

        Vowel (Unconst.)   t(39) = 2.07 1.35 [-0.40, 3.11] 

        Vowel (Const.)   t(29) = -2.02  -1.21 [-2.86, 0.43] 

Note.  Pairwise comparisons are given in mm, and their p-values and CIs are Tukey-

adjusted. 
*p < .05.  **p < .01.  ***p < .001. 

 

 The fact that the expected pairwise differences in the unconstrained context 

arose at Frame 0 and then disappeared later in the time-course is surprising.  It 

suggests either that the early lip-aperture contrasts did not remain stable, or that the 

observed effect at Frame 0 is somehow spurious.  (Recall, however, that the pairwise 

contrasts in the unconstrained context are closely analogous to the contrasts robustly 

observed in Experiment 1’s homogeneous context.)  The individual differences 

visualization helps to alleviate this confusion. 

Individual differences in anticipatory posturing.  Figure 4 plots each 

participant’s frame-by-frame differences between mean horizontal lip aperture for /i/ 

words and mean horizontal lip aperture for /u/ words.  The pattern in the 

unconstrained context is broadly similar, though not identical, to the pattern observed 

for Experiment 1’s homogeneous context.  Once again, most participants show 
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differences greater than 0 starting at Frame -21, and persisting continuously through 

the end of the trial.  However, between Frames 10 and 20, a small number of 

participants show active downward deflection into negative values.  Though this 

pattern is comparatively uncommon, the deflections likely explain why pairwise 

differences at those frames failed to generalize across participants.  

 

Figure 4.  Changes over time, and across contexts, in the difference in mean 

horizontal lip aperture (/i/ - /u/), visualized with a separate line for each participant.  

Each frame spans 16.67 ms.  

 

To assess whether unanticipated effects of the manipulation brought about this 

unexpected pattern, some post-hoc exploratory analyses were performed.  First, all 

participants whose unconstrained /i/-/u/ difference was negative at Frame 13 were 
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identified.  Of the eight participants showing this pattern, six of them (75%) 

encountered their first unconstrained /i/-block before encountering their first 

constrained /i/-block.  Also, six out of eight participants (although not the same six) 

had the Set 2 /u/-block matched against their constrained /i/-block for statistical 

analysis.  However, neither of these factors meaningfully contributed when added to 

LMMs using horizontal lip aperture at Frame 13 as the dependent variable. 

The pattern in the constrained context is also notable.  The cluster’s center of 

mass begins shifted much more toward 0, compared to the unconstrained context.  As 

time progresses, most participants’ difference trajectories shift somewhat more in the 

negative direction, until strong downward deflections arise between Frames 10 and 

20.  This is consistent with observations from both the mean trajectories and the 

LMM results suggesting that lip-rounding for constrained /i/ words surpasses lip-

rounding for matched /u/ words at those frames. 

Discussion 

The results in the unconstrained context qualitatively replicated the key 

finding of Experiment 1.  At Frame 0, when participants had not yet perceived the 

stimulus, horizontal lip apertures were already consistent with the demands of the 

nuclear vowel.  That this effect was abolished in the constrained context is important.  

It confirms that the anticipatory postures observed in Experiment 1 do not reflect a 

unique (and potentially maladaptive) fixation on the certain vowel.  Instead vowel-

consistent postures likely arise because the system fits its behavior in parallel to the 

current state of knowledge.  When parallel-encoded gestures place conflicting 
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constraints on a given articulatory aperture, these conflicts are resolved in favor of the 

“earlier” gesture, even though the encoding of that earlier gesture received no special 

priority.  

 In sets of constrained /i/ words, anticipatory rounding of the lips occurred 

even though the specific initial consonant (/w/ versus /r/) was not certain.  This result 

is consistent with Krause and Kawamoto’s (2019) Experiment 2.  Participants in that 

experiment produced anticipatory oral postures despite incomplete certainty of the 

initial phoneme, so long as all possible initial phonemes placed similar demands on 

oral configuration.  As discussed in that earlier paper, it is difficult to determine 

whether these tendencies reflect the extraction of the shared articulatory 

feature/gesture, the graded blending of multiple phonemes/syllables, or initial 

guessing (followed by replacement, as necessary) of a discrete phonological 

possibility.  For reasons already extensively discussed above, accounts under which 

participants would have to serially encode (and re-encode) whole guessed syllables 

appear to strain credibility.  However, if speakers can independently insert (and 

replace) guessed phonemes into a parallel phonological frame, then the guessing 

hypothesis may possibly account for anticipatory responses to incompletely-certain 

initial phonemes. 

 The results in Experiment 2’s unconstrained context deviated in one key 

respect from those in Experiment 1’s homogeneous context.  Despite reasonable 

horizontal lip aperture contrasts arising at Frame 0, statistical modelling did not 

reliably confirm such contrasts at Frames 13 or 17.  Visual inspection of the 
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individual differences suggested that this was due to a small number of participants 

whose /i/ - /u/ contrast became negative at that part of the time course.  However, a 

causal basis for these idiosyncratic articulations could not be conclusively 

determined.   

Experiment 3 

 The previous experiments fall prey to an interpretive ambiguity previously 

noted by Krause and Kawamoto (2019).  Based on mean values, it is difficult to rule 

out the possibility that the observed results arise due to mixtures of discrete guessing 

behaviors, as opposed to genuinely graded responses.  In the mouse-tracking 

literature, researchers sometimes look to information captured in raw distributions to 

resolve this question (e.g., Bruhn et al., 2014; Spivey et al., 2005).  However, for the 

experiments so far considered, distributions are less informative than might be 

supposed, for two reasons.  Firstly, while in mouse tracking an initial rest position is 

enforced, the above experiments have left starting oral posture at the discretion of the 

participant.  (In some ways, this has been a benefit, since the above experiments 

expressly considered oral posture differences observable before stimulus recognition.)  

Secondly, the above experiments considered change only along one dimension, 

making it difficult to detect progress toward intermediate target positions; in mouse 

tracking, by contrast, measurement considers two spatial dimensions. 

 Experiment 3 imposed better control over initial oral posture by having all 

targets start with bilabial initial segments.  Manipulation of phonological information 

focused on changing advance knowledge of the vowel and coda.  Vowels were /u/ or 
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/i/, as in the experiments above, whereas codas were alveolar/lateral (thus requiring 

large vertical lip apertures) or bilabial/labiodental (thus requiring small vertical lip 

apertures).  Furthermore, both horizontal and vertical lip aperture were measured, 

permitting two-spatial-dimension trajectories to be determined for each naming trial. 

 Experiment 3 added a baseline condition not used in the previous experiments, 

to determine the mean two-dimensional trajectory produced for each target word 

when all constraints were simultaneously known.  This baseline was collected using 

the delayed naming task. 

 For analytic clarity (see Results) only trials for targets with alveolar/lateral 

codas were analyzed.  The specific hypothesis was that, when only the vowel was 

primed, the mean articulatory trajectory would deviate to one side of the mean 

baseline trajectory.  Specifically, this trajectory would be expected to rise in the 

vertical aperture dimension more slowly than baseline. When only the coda type was 

primed, the mean articulatory trajectory was predicted to deviate to the other side of 

the mean baseline trajectory. Specifically, this trajectory would be expected to 

initially deviate into a more neutral part of the horizontal aperture dimension (i.e., 

somewhat toward /i/-space, on an /u/ trial, and vice-versa). 

Method 

Participants.  24 undergraduate students (19 female, five male) from the 

University of California, Santa Cruz participant pool participated in this study, in 

exchange for partial course credit.  All participants were native English speakers 

unaware of the study’s aim, who reported normal or corrected-to-normal vision.  
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Ages ranged from 18-23 years (M = 19.6).  42% identified Hispanic or Latino, 42% 

as White, 25% as Asian, 8% as Pacific Islander, 4% as Black or African American, 

and 4% as Native American or Alaskan Native (multiple identifications permitted).  

The UCSC Office of Research Compliance Administration approved this study.  

Sample size selection was motivated by the same power analysis that 

informed Experiment 1. 

Stimuli.   Stimuli were eight orthographic CVC words, each with a bilabial 

initial segment.  Half of stimuli had the vowel /i/, and half the vowel /u/.  Half of 

stimuli had bilabial/labiodental codas, and half alveolar/lateral codas.  The specific 

stimuli appear in Table 7 (each appears in the table twice, once in its vowel-

homogeneous block, and once in its coda-type-homogeneous block).  The strong 

phonological constraints imposed by this design severely limited available words, and 

so, as in Experiment 2, lexical parameters such as printed frequency were not as 

tightly controlled as in Experiment 1.  

 

Table 7.  Stimulus words for Experiment 3, grouped by priming block. 

vowel-homogeneous sets  coda-type-homogeneous sets 

/u/  /i/  alveolar/lat.  bilabial/LD 

pool  peat  peat  peep 

poof  peep  pool  poof 

moot  meal  meal  meme 

move  meme  moot  move 
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Design.  The experimental manipulation was within participants.  Half of 

participants completed the delayed naming task first and half the form preparation 

task first. 

The delayed naming task comprised a single block with all eight stimulus 

words.  The block contained eight tokens of each word, yielding 64 total trials.  

Randomization of trial order was carried out as described for the previous 

experiments. 

The form preparation task followed a design like that described in Experiment 

2.  Vowel-homogeneous sets and coda-type-homogeneous sets were encountered 

consecutively, and after each set was performed once, the participant repeated the 

entire operation a second time.  Within vowel-homogeneous sets, half of participants 

encountered their /u/ block first and half their /i/ block first; equivalent 

counterbalancing was applied to the presentation of coda-type-homogeneous sets. 

Each set included eight tokens of each stimulus, yielding 32 trials per block and 256 

total trials for the experiment. 

Apparatus.   The apparatus was identical to that used in Experiments 1 and 2.  

Procedure.   After obtaining informed consent, the experimenter seated the 

participant in front of the experiment-running computer, where the participant read 

the instructions for their first task (delayed naming or form preparation).  After 

clarifying instructions as necessary, the experimenter left the participant to complete 

the initial task.  The experimenter then re-entered the testing booth and the computer 

displayed the instructions for the second task.  After clarifying instructions as 
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necessary, the experimenter left the participant to complete the second task.  

Instructions for the form preparation task were identical to those already noted for 

Experiments 1 and 2.  Instructions for the delayed naming task directed participants to 

attend to the word, and then to begin the verbal response as soon as possible once the 

go signal was given. 

 Delayed naming task.   Each trial was preceded by a message on the screen 

saying “Ready?”  This message remained on-screen until the participant initiated the 

trial by pressing the spacebar.  The message was then replaced by a blank screen for 

100 milliseconds (ms), then a fixation asterisk (“*”) for 250 ms, and then by the 

target stimulus for 300 ms.  Then the go signal was then displayed; specifically, three 

flanking asterisks were added to each side of the target stimulus.  This was the 

participant’s cue to initiate the prepared naming response.  After 500 ms, the screen 

was cleared and the “Ready?” preceding the next trial then appeared. 

Form preparation task.  The form preparation task was carried out as in 

Experiments 1 and 2. 

Results 

Data preparation.  Acoustic coding and motion tracking of video were 

carried out as in Experiments 1 and 2, with the addition that the trajectory-

constructing Python script also computed Euclidean distances between the upper-

middle and lower-middle points on the lips.  (That is, it computed vertical lip aperture 

trajectories in addition to horizontal lip aperture trajectories.)  These vertical aperture 
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trajectories were similarly smoothed by a Savitzky-Golay filter using the same 

parameters. 

After acoustic coding and motion tracking were complete, a final Python 

script time-normalized the trajectories from the acoustic phase of the response to 

eleven junctures, running between 0% of response duration to 100% of response 

duration, in 10% increments.  The script operationalized the acoustic phase of the 

response in the following way.  It identified the first time point as the video frame 

within the first 380 ms of the trial on which vertical lip aperture was the smallest.  

This was done so that time-normalized trajectories would begin at the moment of 

maximal bilabial constriction, rather than the moment of acoustic onset, which for /p/-

initial words might follow the bilabial constriction by tens of milliseconds.  The script 

identified the final time point as the video frame closest to the time of acoustic offset, 

as identified by DeepWDM.  The script then divided this stretch of time into ten equal 

steps and used linear interpolation to find the horizontal and vertical lip apertures 

following each intermediate step.   

The choice of 11 junctures was motivated by two factors.  Firstly, the size of 

each step has a simple interpretation: 10% of the duration of the acoustic phase of the 

response.  Secondly, when operationalized as above, the acoustic phases of most 

responses included at least 11 frames, whereas using a larger number like 21 would 

have required discarding a large number of trials.  Even so, trials for which the 

acoustic response phase was shorter than 167 ms had to be excluded.  The loss of 

these trials will be accounted for in the “Articulatory trajectories” section below. 
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Statistical analysis.  Parsimonious LMMs were fit to the dependent variables 

of interest using the procedures outlined for Experiment 1, and once again performed 

hypothesis testing using Satterthwaite-estimated degrees of freedom. 

Acoustic errors.  In total, 112 trials were identified as containing acoustic 

errors (1.5% of original data).  This was an insufficient number to support meaningful 

error analysis.   

Articulatory trajectories.  All stimulus words began with bilabial consonants.  

Therefore, for trials with words ending in bilabials/labiodentals, acoustic-phase 

articulatory trajectories should approximately form closed loops.  However, for trials 

with words ending with alveolars/laterals, trajectories should generally proceed 

upwards in the vertical aperture dimension, somewhat like the vertical component of 

hand-movement trajectories in mouse-tracking studies.  Therefore, only trials with 

words ending with alveolars/laterals were retained for analysis, leading to the 

immediate exclusion of 3,789 trials (following earlier exclusion of acoustic errors). 

As in the prior experiments, trials with extreme head orientation based on 

maximum absolute pitch/yaw and mean z-translation were excluded, with all criteria 

being computed with respect to the original omnibus dataset.  Also, trials were once 

again excluded for which OpenFace’s confidence estimate fell below 85%.  Finally, 

as explained above, the time-normalization procedure required that trials’ acoustic 

response phases include at least 11 frames, and so trials with shorter acoustic 

response phases were also dropped.  In total, these criteria resulted in the exclusion of 

241 trials (6.3% of the data for words ending in alveolars/laterals).  When considering 
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the earlier exclusion of acoustic errors, the analysis of the data for words ending in 

alveolars/laterals was conducted with 7.6% of trials removed. 

Figures 5 and 6 visualize the time-normalized articulatory trajectories of 

interest, showing their simultaneous evolution along both the vertical and horizontal 

lip aperture dimensions.  Before considering them in detail, a general orientation is in 

order.  For readers less familiar with phase portraits and other approaches to plotting 

the temporal evolution of multidimensional dynamical systems, the approach taken in 

these figures may not be immediately transparent.   

Time is not an explicit axis in these figures.  Instead, the trajectories follow a 

path that begins at the square (which has been overlaid on the 0% time point), and 

which proceeds in the direction of the arrowhead.  One may imagine each trajectory 

as the path taken by a physical object moving along the surface of a plane.  In fact, 

when plots of this kind are used to visualize the results of mouse-tracking, this image 

is an exact analog to the physical reality being modelled.  The present case is 

somewhat more abstract, because at any given time point, the location in the plane at 

which the trajectory is found represents the conjunction of two lengths: the vertical 

and horizontal lip apertures.  However, each of these lengths must change smoothly 

as a function of time.  (For example, the vertical distance between the lips cannot go 

from being 2 mm apart to being 1 mm apart without being 1.5 mm apart at some 

intervening moment in time.)  Therefore, the changes along these two lengths result 

in a smoothly connected set of conjunctions, and so the “moving object on a plane” 
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metaphor will lead to generally correct intuitions about the types of changes that the 

two-dimensional system may undergo. 

Figures 5 and 6 compare trajectories taken on delayed naming trials, form 

preparation trials in the vowel-homogeneous context, and form preparation trials in 

the coda-type-homogeneous context.  Figure 5 compares trajectories for /i/ words, 

and Figure 6 trajectories for /u/ words. 

 

Figure 5.  Mean time-normalized articulatory trajectories for /i/ words in 

Experiment 3 ending in alveolar/lateral codas, over the span of the acoustic response.  

Each normalized time step spans 10% of acoustic response duration.  Error bars: ± 1 

SEM. 
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Figure 6.  Mean time-normalized articulatory trajectories for /u/ words in 

Experiment 3 ending in alveolar/lateral codas, over the span of the acoustic response.  

Each normalized time step spans 10% of acoustic response duration.  Error bars: ± 1 

SEM. 

 

LMMs were computed to assess the effects of the manipulation on horizontal 

and vertical lip apertures at three points in normalized time: 20% of response 

duration, 50% of response duration, and 80% of response duration.  Two models were 

computed for each time point, one using vertical lip aperture as a dependent variable, 

and one using horizontal lip aperture.  The independent variables of interest were 

target vowel (/i/ versus /u/), context (delayed naming versus vowel-homogeneous 

versus coda-type-homogeneous) and the target vowel × context interaction.  
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Therefore, the maximal motivated random effects structures included random 

intercepts for participants and items, by-participant random slopes for target vowel, 

context, and the context × target vowel interaction, and a by-item random slope for 

context, with random effects permitted to correlate.  (A by-item random slope for 

target vowel would not be sensible, since it varies between items.)  Tables 8 and 9 

report the final simplified random effects structures of each model, as well as their 

standardized effect sizes.  Table 8 covers models of horizontal lip aperture, and Table 

9 covers models of vertical lip aperture. 

 

Table 8.  Summaries of random effects structures and standardized effect sizes for 

LMMs of horizontal lip aperture in Experiment 3. 

 Random Effects  r2 

% of 

Response 

Elapsed 

Participants Items  Condit. Marg. 

20 Intercept + Target Vowel 

+ Context + Vowel × 

Context 

Intercept  .745 .070 

50 Intercept + Target Vowel 

+ Context + Vowel × 

Context 

Intercept + 

Context 

 .785 .089 

80 Intercept + Target Vowel 

+ Context + Vowel × 

Context 

Intercept + 

Context 

 .707 .062 

 

 

 

 

 

 



62 

Table 9. Summaries of random effects structures and standardized effect sizes for 

LMMs of vertical lip aperture in Experiment 3. 

 Random Effects  r2 

% of 

Response 

Elapsed 

Participants Items  Condit. Marg. 

20 Intercept + Target Vowel 

+ Context 

Intercept  .458 .020 

50 Intercept + Target Vowel 

+ Context 

Intercept + 

Context 

 .653 .092 

80 Intercept + Target Vowel 

+ Context 

Intercept  .713 .016 

 

For tests of horizontal lip aperture, the primary theoretical interest was in the 

interaction of vowel with context.  This is because the hypothesis predicts that, for /i/ 

words, coda-type-homogeneous trials should show a smaller horizontal lip aperture 

than delayed naming trials, especially early in the time course.  This pattern should 

reverse when considering /u/ words.  Surprisingly, this interaction was reliable only at 

the 80% of duration time point, F(2, 3449) = 5.97, p = .003.   At that moment of 

normalized time, the effect of context was reliable only for /i/ words, F(2, 54) = 5.21, 

p = .001.  Specifically, for /i/ words, horizontal lip aperture was smaller in the coda-

type-homogeneous context than the delayed naming context by an average of 0.65 

mm (SE = .21), t(44) = -3.14, p = .01, Tukey-adjusted 95% CI [-1.15, -0.15]. 

For tests of vertical lip aperture, the primary theoretical interest was in the 

main effect of context.  This is because the hypothesis predicts that vowel-

homogeneous trials should always show a smaller vertical lip aperture than delayed 

naming trials, especially early in the time course.  The main effect of context was 

reliable at 20% of response duration, F(2, 47) = 9.78, p < .001, and also at 50% of 
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response duration, F(2, 48) = 3.98, p = .03.  However, at 50% of response duration 

there was (surprisingly) an interaction of context with target vowel, F(2, 3472) = 

6.53, p = .001, and so further analysis will prioritize unpacking that interaction.  Each 

of these normalized time points will be considered in turn. 

At 20% of response duration, the main effect of context broke down into two 

reliable pairwise interactions.  Neither of these was the expected difference between 

vowel-homogeneous trials and delayed naming trials.  Instead, coda-type-

homogeneous trials showed larger vertical lip apertures than either delayed naming 

trials or vowel-homogeneous trials.  On average, coda-type-homogeneous trials had 

vertical lip apertures that were 0.56 mm larger than delayed naming trials (SE = .19), 

t(24) = 2.91, p = .02, Tukey-adjusted 95% CI [0.08, 1.03].  They had vertical lip 

apertures that were 0.23 mm larger than vowel-homogeneous trials (SE = .06), 

t(3471) = 3.75, p = .001, Tukey-adjusted 95% CI [.09, .37]. 

At 50% of response duration, the interaction of vowel and context arose 

because the effect of context was reliable only for /i/ words, F(2, 79) = 6.53, p = .002.  

Specifically, for /i/ words, vertical lip aperture was smaller on delayed naming trials 

than in either coda-type-homogeneous or vowel-homogeneous trials.  On average, 

delayed naming trials had vertical lip apertures that were 0.67 mm smaller than coda-

type-homogeneous trials (SE = .19), t(38) = -3.61, p = .003, Tukey-adjusted 95% CI 

[-1.12, -0.22].  Delayed naming trials had vertical lip apertures that were 0.61 mm 

smaller than vowel-homogeneous trials (SE = .18), t(37) = -3.27, p = .01, Tukey-

adjusted 95% CI [-1.06, -0.15]. 
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To summarize the above results, differences across contexts were generally 

more consistent for vertical lip apertures, especially for /i/ words.  However, 

differences did not pattern as expected, instead falling into a broad pattern in which 

delayed naming trials saw the lips remain relatively closer together, compared to 

other contexts, during the early time course.  The one meaningful contrast that arose 

for horizontal lip apertures was somewhat consistent with expectations, in that it saw 

/i/ words produced in the coda-type-homogeneous context show somewhat smaller 

horizontal apertures than those produced in the delayed naming context.  However, 

this difference arose surprisingly late in the time course, and was not mirrored by a 

comparable contrast for /u/ words. 

Altogether, the simplest explanation for these patterns appears to be that they 

are driven by incidental task differences between the delayed naming and form 

preparation tasks, and not by differential priming of phonological information.  The 

details of this explanation will be developed in the Discussion. 

The primary motivation for constructing two-dimensional trajectories was to 

evaluate whether patterns in the raw trajectories produced by selected participants 

were consistent with the hypothesis that deflections to mean articulatory trajectories 

arose from cascaded and blended representations.  However, because the mean 

trajectories did not reveal the expected patterns of deflection, post-hoc visualizations 

do not appear properly motivated and will not be pursued. 
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Discussion 

 Experiment 3 considered the shapes of two-dimensional articulatory 

trajectories produced during the acoustic response phase of word naming trials.  It 

compared contexts in which participants had advance information about the 

articulatory requirements of both the vowel and the coda to contexts in which they 

had advance information about only the vowel or the coda.  Early in the time course, 

vertical lip aperture was generally smaller when participants had advance knowledge 

about all constraints, especially when they were producing words with the vowel /i/.  

At the end of the time course, horizontal lip apertures produced for /i/ words were 

somewhat narrower when participants only had advance knowledge about the coda-

related constraints. 

 These findings are not consistent with the prediction that, when participants 

had initially ambiguous knowledge about the vowel- or coda-related constraints, they 

would cascade a blend of possible requirements forward into the early articulatory 

realization.  The findings are more consistent with an account in which incidental task 

differences unrelated to priming changed the articulatory dynamics of words 

produced during the delayed naming phase. 

 It is already established that during delayed naming tasks, participants will 

produce form-relevant articulatory constrictions in advance of the go signal 

(Kawamoto et al., 2008; Tilsen et al., 2016).  Kawamoto et al. (2008) found that, at 

long SOAs, participants would even build up intra-oral pressure if the first segment 

was a plosive stop.  Because participants in the present experiment generally had 
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more time to establish the initial bilabial closure during the delayed naming task than 

during the speeded naming (form preparation) task, it is possible they actually 

compressed the lips to a greater degree in the former task.  A high degree of 

compression is associated both with small vertical lip apertures and large horizontal 

lip apertures (because squeezing the lips forces them to spread).  The patterns 

measured in this experiment might thus be interpreted as a holdover of this initial 

over-compression on delayed naming trials.  It is unsurprising that this holdover 

would affect /i/ trials more strongly than /u/ trials.  Although the analytic focus of all 

three experiments has emphasized the relative effects of these two vowels on 

horizontal lip aperture, the protrusion associated with lip rounding also results in a 

partial narrowing of vertical lip aperture, which might overwhelm the residual effects 

attributable to the earlier bilabial closure. 

 It is worth considering some possible reasons that the predicted effects of 

priming on the time course of articulation were not found.  Notably, this failure does 

not speak one way or the other to the central question of whether articulation is 

guided by discrete or continuous representations.  Instead, it suggests that the 

trajectories were not measurably impacted by anticipatory processes (which, had they 

been in effect, might have had either a discrete or continuous explanation).  The prior 

experiments in this dissertation (as well as Krause & Kawamoto, 2019) have 

established clearly that anticipatory processes can influence the course of articulation 

– at least, silent articulation preceding the acoustic response.  Experiment 3’s analysis 

of trajectories in the acoustic response phase was motivated by a desire to construct a 
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scenario in which a two-dimensional articulatory trajectory could be initially 

constrained to a small portion of articulation space, followed by subsequent 

movements generally “up and to the right” or “up and to the left,” as in classic 

mouse-tracking studies.  Measuring the acoustic response phase of words beginning 

with bilabial consonants, ending with alveolar or lateral consonants, and having either 

/i/ or /u/ as a nuclear vowel, allowed these criteria to be broadly met.   

However, it is possible that in meeting these criteria, others were traded away 

that were also critical.  The trajectory deflections in mouse-tracking do not ultimately 

perturb the overt response.  Specifically, the final mouse click almost always commits 

the participant unambiguously to one discrete choice.  If the acoustic response phase 

is the analog of the overt response, for speech elicitation tasks, then it may be that 

pre-acoustic articulatory trajectories are more susceptible to priming effects.  This is 

consistent with evidence reported by Holbrook et al. (2019), who found that changing 

task instructions could reduce the effects of initial segment priming on acoustic 

latencies, but that the articulatory latency advantage was left intact.  All the same it 

was not a priori certain the present manipulations would not impact trajectories 

during the acoustic phase.  As reviewed in the Introduction, Pouplier and Goldstein 

(2010) presented evidence that tongue movements in a tongue-twister task revealed 

occasional evidence of gestural intrusions, in which an erroneous constriction was 

partially produced in parallel to the correct one.  However, it is possible that partial 

constriction at the incorrect local aperture of the tongue would have relatively little 

perceptual impact on the sound of the lingual plosive releases that were at issue in 
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that study.  By comparison, in the present experiment, it might be that had 

participants allowed oral configuration to be unduly affected, perceptual errors in 

vowel production would have resulted. 

With respect to methodology, the approach taken in Experiment 3 appears to 

have great potential.  Despite not revealing theoretical effects of note in this case, the 

curved trajectories produced for /i/ words versus /u/ words in this task had 

characteristic and quite distinct forms that clearly reveal the differences in the 

underlying articulatory demands. 

General Discussion 

 The question posed by the title of this dissertation was, “Does articulation 

during speeded naming reveal continuous negotiation of parallel constraints?”  The 

results obtained in these experiments answer the question to only partial satisfaction, 

although the answers that are provided are theoretically important.  Evaluating the 

specific successes of these experiments is aided by breaking the original question into 

two subcomponents.  Firstly, does articulation during speeded naming suggest the 

parallel imposition of phonological constraints?  Secondly, if so, are these 

phonological constraints negotiated by continuous and/or cascaded mechanisms?  

These sub-questions will be considered by turn. 

Evidence for Parallel Constraint Imposition during Speeded Naming 

 The key finding of Experiments 1 and 2 was that the oral posture for a primed 

vowel influences anticipatory articulation except when superseded by a conflicting 

oral posture from a likely initial consonant.   
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The context manipulations used to regulate advance phonological knowledge 

put participants in a novel and artificial situation.  Nonetheless, participants were not 

coached on response strategy.  It appears participants arrived at the anticipatory 

posturing strategy ad-hoc.  If so, this strategy likely used dynamics intrinsically 

available to the production system. 

The picture that emerges is one of a production architecture that 

democratically encodes in-scope segments per available information, irrespective of 

their relative temporal positions.  Further, planned gestures can evidently influence 

the articulators, so long as known conflicts are resolved by temporal precedence, and 

distortions to acoustic correlates are minimized.  This seems at odds with models that 

characterize planning as the serial construction of a lookup, and articulation as the 

execution of a stored procedure (e.g., Cholin, Levelt, & Schiller, 2006; Levelt et al., 

1999; Roelofs, 1997).  However, the current proposal implies an adaptive flexibility 

beneficial to a system constantly facing novel and unpredictable contexts. 

Most of the narrative thus far has emphasized parallelism in planning.  

However, the current results also suggest the possibility that gestural coordination 

similarly incorporates a degree of parallelism that has been largely unappreciated.  

Two of the most thoroughly worked-out models of gestural coordination are the 

coupled-oscillator theory (Nam & Saltzman, 2003; Saltzman & Byrd, 2000), and 

Tilsen’s (2013, 2016) elaboration thereof, selection-coordination theory.   

As previously reviewed in the Introduction, the coupled oscillator theory 

describes how gestures inside a syllable arrive at appropriate relative timings.  
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Gestures are assumed to have constantly-cycling planning oscillators that govern 

when they can be launched.  Co-selected gestures have their oscillators coupled.  

Gestures are withheld until their oscillators settle to a stable relative phase; the 

oscillators then take control of gestural launch times.  As Tilsen (2013, 2016) has 

noted, this account may not explain all the observed timing patterns.  For example, 

the initiation of coda-related gestures often appears to be timed relative to the release 

of onset- and nucleus-related gestures.  The author has suggested that this pattern 

arises because coda gestures are selected as onset/nucleus gestures are deselected.  

This proposal retains the assumption that onset and nucleus gestures are co-selected 

and then coordinated via coupled oscillation.  Consequently, both theories assume 

that onset/nucleus gestures cannot be launched until all the involved planning 

oscillators have stabilized to appropriate phasing patterns.  Neither model can easily 

accommodate the case just outlined, in which nucleus-related gestures may have been 

physically initiated before all onset gestures were selected.  

Logically speaking, the phonological well-formedness of the acoustic 

utterance depends more directly on gestural release times than gestural initiation 

times.  This is at least implicitly recognized by both theories of coordination reviewed 

above.  The assumption that onset and nucleus gestures are co-selected arises partly 

because initiating them at the same time does not result in a phonological problem.  

(The caveat, of course, is that when gestures place different demands on an aperture, 

the influences of “earlier” gestures should take precedence, as appears to have 

occurred in Experiment 2).  The onset gestures, however, must be released first, so 
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that 1) the nucleus gestures can re-shape any co-affected apertures; 2) initial stop 

consonants can produce their characteristic acoustic event; and/or 3) there is a 

moment of time in which the initial consonant is not restricting vowel-related 

phonation from being produced.  While the simultaneous initiation of onset and 

nucleus gestures may be the preferred or typical case in many speaking situations, the 

strongest phonological constraints may in fact govern the coordination of gesture 

releases.  That is, in idiosyncratic cases such as the current study, gesture initiation 

may be permitted to come out of phase, and even to occur “out of order.” 

Evidence for Continuous and/or Cascaded Mechanisms During Speeded Naming 

 The anticipatory posturing at work in Experiments 1 and 2 does give evidence 

for certain types of continuous process.  For example, the Introduction argued that 

coarticulation may be viewed as the taking of a curved path through a continuous 

articulatory parameter space.  The anticipatory postures measured in this work may 

be viewed as anticipatory coarticulation of the upcoming nuclear vowel.  Had these 

postures not arisen, the articulatory path taken would have been more abrupt and less 

efficient. 

 The claim that these postures are a form of coarticulation may initially appear 

controversial.  However, if this claim is correct, is hints at important features of the 

speech production system’s continuous dynamics.  There are two reasons the claim 

might appear surprising.  Firstly, anticipatory coarticulation is usually characterized 

as how the realization of one segment is changed by the presence of upcoming 

segments; however, anticipatory posturing shapes a period in which no segment, in 
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the traditional understanding of the term, is active.  Secondly, in the case of the 

vowel-related posturing, this anticipatory shaping is not being driven by the 

immediate next segment (i.e., the initial consonant), but by the following one.  

 The following interim understanding of coarticulation would thus have to be 

developed.  Firstly, that some sort of “undefined” or “default” phonological form 

could be shaped by anticipatory coarticulation.  Kawamoto, Liu, and Kello (2015) 

refer to this special-case primitive as the null phoneme.  The task-dynamic 

formulation of Articulatory Phonology (Saltzman & Munhall, 1989) also explicitly 

assumes the existence of such a primitive, termed the neutral attractor.  Both 

Kawamoto et al. (2015) and Tilsen et al. (2016) have previously advocated the view 

that anticipatory articulation may be characterized as coarticulatory shaping of this 

default form.  Secondly, this interpretation suggests that allophonic accounts (e.g. 

Wickelgren, 1969), in which coarticulation is underlain by retrieval of the appropriate 

(discrete) segmental variant, are not viable.  This is because selection of the 

appropriate allophones (including, presumably, the correct default form allophone) 

requires knowledge of the entire phonetic context.  Instead, this interpretation is more 

compatible with dynamical systems accounts (e.g., Fowler, 1980, Saltzman & 

Munhall, 1989) in which coarticulation arises from the quantitative blending of 

gestures’ (continuous) dynamic fields. 

 Of course, as previously reviewed, it remains possible that the graded 

realizations of lip aperture that arise in anticipatory posturing, despite coming about 

from continuous coarticulatory processes, reflect the discrete and exclusive selection 
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of some underlying set of gestures that have been “guessed.”  The strongest claims 

about continuous phonology reviewed in this dissertation involve those cases in 

which seemingly antagonistic phonemes or gestures, vying for the same metrical 

position in a syllable, are partly co-realized.  The most convincing demonstrations in 

the literature involve speech errors (e.g., Goldrick & Blumstein, 2006; Goldstein, 

Pouplier, Chen, Saltzman, & Byrd, 2007; Mowrey & MacKay, 1990; McMillan & 

Corley, 2011; Pouplier & Goldstein, 2010).  The motivation of this dissertation’s 

Experiment 3 was to evaluate same-metrical-position gestural blending as brought 

about instead from strategic mechanisms.  Regrettably, no conclusive evidence was 

established.  Because anticipatory processes did not measurably impact the 

trajectories considered there, the question of whether those processes were discrete or 

continuous could not properly be asked.  This question remains important, and future 

work in this area should carry forward the lesson that strategic blending mechanisms, 

if they occur, may be more likely to impact articulatory processes preceding the overt 

response. 

Other Issues 

The positive results of Experiments 1 and 2  have broad implications for the 

interpretation of phonological priming studies.  In studies of speech production and 

word naming, evidence for successful priming has conventionally depended on 

demonstrating a change to acoustic latency.  This has two key drawbacks.  The first is 

that for isolated words, acoustic onset is the endpoint of a much longer behavioral 

trajectory, whose time course itself varies based on task demands (Holbrook et al., 
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2019; Kawamoto, Liu, Lee, & Grebe, 2014).  The second is the implicit assumption 

that priming only affects how soon speakers arrive at key behavioral junctures, when 

in fact it might also influence the effort and/or efficiency of verbal behavior (Krause 

& Kawamoto, 2019).  In the present dissertation, early vowel knowledge probably did 

little to move up the timeframe of the acoustic response.  However, it would be a 

mistake to conclude that priming did not occur, or that it did not affect behavior.  

Early vowel knowledge permitted participants to partly “spread out” the time course 

of horizontal lip aperture movement.  

These findings also highlight the need to incorporate mechanisms of strategic 

control into speech production models.  Extant models have been hamstrung not only 

by their encoding assumptions, but by positing a discrete threshold between planning 

and articulation which, when crossed, leads to ballistic execution.  Strategic gating 

mechanisms could help to explain not only the anticipatory posturing observed in this 

study also by Krause and Kawamoto (2019), but also segment-lengthening effects 

arising from initial phoneme priming (Holbrook et al., 2019; Kawamoto et al., 1998; 

Kawamoto et al., 2014) and articulatory preparation during delayed naming 

(Kawamoto et al., 2008; Tilsen et al., 2016).  Liu and Kawamoto (2010) presented a 

connectionist simulation with an adaptive control structure that could explain many 

observed articulatory effects.  Calderon, Gevers, and Verguts (2018) have recently 

proposed a conceptually adjacent idea, which they have positioned as a more general 

model of behavioral control.  In their unfolding action model, adaptive information 

flow accounts not only for the continuous accrual of evidence favoring a decision, but 
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also the temporal coordination of response movements.  They presented simulation 

evidence suggesting such a model could qualitatively account for results from various 

button-pressing and arm-reaching tasks.   

Concluding Remarks 

The results of the first two experiments found evidence that phonetic 

processes flexibly and adaptively use whatever phonological information is available, 

very early in the time course of articulation.  Specifically, the evidence favored an 

account whereby anticipatory coarticulation of the vowel could arise despite 

uncertainty of the initial consonant.  Such an effect is not predicted by the Nijmegen 

Model (due to its assumption of serial encoding), nor by Articulatory Phonology (due 

to its assumption that the onset and nucleus gestures must be initiated 

simultaneously).  This evidence was only arrived at by combining techniques from 

both chronometric and articulatory-phonetic approaches to speech science – 

specifically, priming methods drawn from the former and articulatory measurements 

inspired by the latter.  This synthesizing approach will doubtless continue to reveal 

findings that would not otherwise be possible.  
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