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Abstract

Articulatory Phonology advances an account of phonological structure in
which dynamically defined vocal tract tasks—gestures—are simultaneously
and isomorphically units of cognitive representation and units of physical
action. This paradigm has fundamentally altered our understanding of the
linguistic representation of words. This article reviews the relatively recent
incorporation of prosody into Articulatory Phonology. A capsule review of
the Articulatory Phonology theoretical framework is presented, and the no-
tions of phrasal and prominence organization are introduced as the key as-
pects of linguistic prosodic structure under consideration. Parameter dy-
namics, activation dynamics, and prosodic modulation gestures, such as the
π-gesture, are outlined. The review is extended to touch on rhythm, intona-
tion, and pauses and to consider innovations for integrating multiple aspects
of prosodic structure under this dynamical approach.Finally, a range of ques-
tions emerges, crystallizing outstanding issues ranging from the abstract and
theoretical to the interactive and functional.
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1. A CAPSULE REVIEW OF ARTICULATORY PHONOLOGY

In the early 1980s, Cathe Browman, Louis Goldstein, and Elliot Saltzman found themselves to-
gether at Haskins Laboratories and mutually occupied with resolving a puzzle of spoken language.
They saw that scholars of language had been pursuing, in parallel efforts, a cognitive represen-
tation of words as abstract, discrete symbolic entities and, simultaneously but without intersec-
tion, an account of spoken word realization in terms of characteristic quantitative acoustic prop-
erties. The chasm between the phonological and the physical had every appearance of arising
from two incompatible descriptions of speech—an account of the mental lexicon that relied on
an inventory of invariant recombinable symbols and an account of the speech signal—the con-
sequence of realizing these symbolic representations in actual communication, requiring contin-
uous time- and context-dependent variation of high dimensionality. Faced with this dissonance,
Fowler, Browman, Goldstein, Saltzman, and like-minded others recognized that the dynamical
descriptions being developed at that time to characterize a variety of ecological and psychologi-
cal phenomena could potentially provide an avenue for resolving this duality (e.g., Fowler et al.
1980, Kelso et al. 1986, Saltzman & Munhall 1989). After all, why would a communication sys-
tem evolve units that are shattered in the very process of being used for communication (Fowler
1980)?

Articulatory Phonology1 was born as a theoretical framework for phonology that took seri-
ously the notion that the combinatorial units composing words are simultaneously objects both of
cognitive representation and of physical embodiment, and, as such, required no mediation mod-
ule in the grammar to map between the two. To pursue this foundational assumption, scholars
developing this framework conceived of these phonological primitives as defined dynamically and
temporally overlapping and called these cognitive objects gestures.

Vocal tract constriction tasks, rather than movements of individual articulators, are the objects
of cognitive control. At the ground level, gestures are modeled as critically damped point attractor
systems defined in the space of vocal tract constriction tasks (Saltzman & Munhall 1989). These
gestural tasks are realized when they drive the physical vocal tract plant according to the parame-
ter values defined for their distinctive dynamical systems, such as their equilibrium position (con-
striction target) and stiffness (time to reach target) (Saltzman & Munhall 1989). The presence or
absence of a particular gesture, in combination with the discrete gestural parameter values, forms
the basis (or at least, a basis) for phonological contrasts, such as the traditional contrasts of place
and manner and the distinction between vowels and consonants.

Crucially, when composed in words, gestural units are not synthesized as beads on a string but
rather overlap in time, such that one gesture’s activation can and will overlap with that of its neigh-
bors (seeFigure 1 for example gestural scores) according to principled—and potentially language-
specific—phonological systems of organization. Output articulation and consequent acoustics re-
sult from the combined demands of coactive gestural units over time.

Whereas a symbolic approach relies on abutting segments composed of symbolic features that
are translated or mapped to an acoustic and/or articulatory implementation, a gestural approach
relies on homomorphic units of information and action, similar in scale to traditional phono-
logical features but with overlapping activations that wax and wane, defined in a vocal tract task
space. The attractions of this approach are many, and the 1990s were an exciting period for il-
luminating the many types of phonological variation—such as assimilation, allophony, reduction

1This introduction is by nomeans intended to be a thorough review of Articulatory Phonology. For overviews,
see Browman & Goldstein 1989, 1990, 1992, 1995; Goldstein et al. 2006; Gafos & Goldstein 2012; see also
the Related Resource.
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Three gestural scores—for the words “bad,” “pad,” and “span”—illustrating the notion of contrast within Articulatory Phonology as
encoded in intergestural timing and the presence or absence of gestures. Boxes indicate gestural activation intervals (with parameter
values of the gestures noted within the boxes); tract variables of the model on which gestures may be defined are shown on the left.

and deletion, and speech errors—that could be elegantly accounted for by postulating overlapping
coactivation of subsegmental units accompanied by variation in their temporal coordination and
magnitudes.2

Over the next decade, the Articulatory Phonology spotlight shone on studies of how gestures
are coordinated, particularly in ways that reflect our traditional understanding of syllable structure.
Gestures do not float freely but rather are organized via their coordination in time (L. Goldstein,
personal communication). The naturally attractive modes of intergestural coordination (i.e., those
available without learning) are understood to be in-phase (synchronous) and antiphase (sequential)
coordination, and a deep understanding of phonological structure and variation leveraging these
two basic modes of intergestural organization has been developed.Notions of gestural association
implemented through dynamical coupling were developed and allowed for multiple pairwise co-
ordination relations among gestural units to compete in a weighted way (Browman & Goldstein
2000, Nam & Saltzman 2003, Goldstein et al. 2006, Nam et al. 2009). Competition among pair-
wise gesture alignments was shown to yield a rich complexity of empirically observed coordination
patterns from a constrained set of underlying coupling relationships. In this way, the dynamical
systems approach was extended to syllable structure,3 and much of this research has elegantly
characterized crosslinguistic variation in syllable structuring (e.g., Gafos 2002; Goldstein et al.
2007a, 2009; Shaw et al. 2009, 2011; Pouplier & Beňuš 2011; Pouplier 2012; Shaw&Gafos 2015).
Perhaps the best-explored phenomenon in this area is the C-Center effect, in which pairwise cou-
plings between onset consonants with their tautosyllabic vowel yield an output organization in
which the vowel initiates in the “center” of the onset consonant cluster (representative studies on

2There is an extensive literature on Articulatory Phonology accounts of segmental variability; for an overview,
see Gafos &Goldstein (2012). Representative research includes publications by Browman&Goldstein (1990),
Zsiga (2000), Gafos (2002), Chitoran et al. (2002), Goldstein et al. (2006, 2007b), Kochetov & So (2007), and
Parrell & Narayanan (2018).
3Interestingly, a dynamical definition ofmultigesture structures at a segmental level of granularity—a segment-
sized molecule—encountered more of a struggle in emerging, as attention was on the utility of the primitive
gestural unit (though see Byrd 1996, Saltzman et al. 2000) and such a definition is still being developed (Tilsen
2016; see also Shih & Inkelas 2019).
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the C-Center effect include Browman &Goldstein 1988; Byrd 1995; Honorof & Browman 1995;
Browman & Goldstein 2000; Nam & Saltzman 2003; Kühnert et al. 2006; Nam 2007; Marin &
Pouplier 2010; Hermes et al. 2013, 2017; Shaw & Gafos 2015).

In the current Articulatory Phonology framework, gestures are understood to be dynamic
atomic units of encoding and production that are organized into larger structures, which are
termed molecules (leveraging the chemistry analogy of binding). The conception of gestural
molecules served to recognize the phonological vitality of groups of gestures that recur in many
words, are systematically patterned, and are temporally cohesive.

At this point in the development of Articulatory Phonology, we broach the topic of this
review—the incorporation of prosody into the dynamical framework of Articulatory Phonology
beginning in the 2000s.Given the foundational understanding that words are composed of a small
set of stable combinatory units, Articulatory Phonology tackled how to account for surface vari-
ability that indicates that the physical characteristics of those units are not fixed. The defining
dynamical properties of gestural primitives offered an advantage and opportunity in this regard,
as they rigorously accounted for surface variability in performance while assuming an underlying
invariance at the level of control (e.g., Browman & Goldstein 1990, Saltzman 1995). For decades,
this capacity has been explicitly deployed in Articulatory Phonology accounts of variation due
to coarticulation and syllable position. Could it also be deployed to address variation due to the
function and placement of words in larger informational structures?

2. DEFINING THE PROSODIC GROUND

Even within the terminologically rich domain of linguistics, the term prosody has referred to a
wide variety of speech variation, ranging from affect to loudness, to fluency, to phrasing, and to
prominence, including emphasis, contrast, and scope. For our purpose of considering how demon-
strably important linguistic structure can be representationally and implementationally captured
within Articulatory Phonology, herein we use the term prosody to refer to informational struc-
ture in language above the level of individual lexical entry. Prosody used in this sense refers to
the grouping of information into meaningful phrases and to the prominence of particular words
within those phrasal groups—as encoded by both the intonational (pitch) and durational (timing/
rhythmic) properties of utterances. Consider how pitch, duration, and loudness serve to encode
differences in meaning in saying these utterances:4

Prominence: She didn’t earn an A; she earned a B.

She didn’t earn an A; but she got one by cheating.

Phrasal organization: When you make hollandaise slowly, it curdles.

When you make hollandaise, slowly it curdles.

Prosody is critically important for conveying and understanding speech accurately, which is to say
that the parity of themessage between sender and receiver depends on far more than the individual
words in sequence. Furthermore, prosodic structure differs from language to language and gives
rise to language-specific signatures—systematic spatiotemporal variation—in the production of

4The tone excursion at or around these locations of prominence and boundaries (i.e., pitch accents, phrase
accents, and boundary tones) can also have meaningful import. Consider, for example, the distinction among
“You saw Hamilton.” “You saw Hamilton?” and “You saw Hamilton!”
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speech. The linguistic account of prosody requires an understanding of how human language
represents or encodes this type of information and of how the structured variation in the actions
of speaking physically embodies prosodic structure. Articulatory Phonology has made strides in
extending its foundational assumptions regarding the dynamic nature of atomic cognitive units
of language to a consideration of prosody. These developments are the topic of this review. For
a more extensive review of this topic presented specifically for the specialist, we refer the reader
to Krivokapić (2020); for other overviews of prosodic structure, see Fletcher (2010), Cole (2015),
and Arvaniti (2020).

3. PROSODY AND PARAMETER DYNAMICS

Stable gestural representations form the basis for lexical contrast in Articulatory Phonology. This
stability of word representation has two components: First, there exists a set of gestures, each with
its stable internal activation gating pattern for the parameter values of its (point) attractor equation
of motion, and second, there exists a stable intergestural organization of those units’ activation
functions with respect to one another. But words are situated in communicative utterances, and as
articulatory tracking data grew accessible to the field, it became apparent that prosodic structure
above the word level is associated with variation in these nominally fixed parameter values and/or
activation functions. For example, at the juncture between words in different phrases—that is, at
phrase edges or boundaries—gestures exhibit boundary-related articulatory lengthening, reduced
temporal overlap, and spatial magnitude increases.5 These effects scale, such that, for example,
greater lengthening and greater pulling apart of gestures are observed at larger boundaries (e.g.,
Byrd & Saltzman 1998, Bombien et al. 2010, Byrd & Choi 2010, Hsieh 2017).

In order to address empirical observations of lengthening in the language of gestural dynamics,
modulation of individual gestural parameter values was proposed by Beckman, Edwards, and col-
leagues (Edwards et al. 1991, Beckman et al. 1992, Beckman & Edwards 1994, Harrington et al.
1995). The seminal paper by Edwards et al. (1991, p. 378) highlights that “phrase final length-
ening can be interpreted as an actual targeted slowing down at the phrase edge” and goes on to
explicate that different prosodic sources of acoustic lengthening, such as prominence and bound-
aries, exhibit differing dynamic underpinnings. The proposal that the stiffness parameter value
was lowered for gestures phrase-finally provided the first dynamical account of prosodic slowing
in articulation. This advance into parameter dynamics—time-varying rather than fixed gestural
stiffness values—directly altered a specific gestural parameter value in a specified prosodic en-
vironment (which was not itself specified dynamically). While successful at capturing kinematic
properties of interest at prosodically significant locations, this approach also had limitations. An
account of prosodic signatures relying on parameter dynamics had nomeans of unifying the spatial
and temporal domains. That is, “picking out” a gesture’s stiffness as the object of prosodic modu-
lation lacked theoretical coherence—why that particular parameter; why that particular gesture;
why a targeted prosodic position rather than a truly dynamical variation in time? Perhaps greater
theoretical elegance and empirical advantages would be offered by an approach that could unify

5For lengthening, see, for example, Edwards et al. (1991), Beckman et al. (1992), Byrd& Saltzman (1998), Byrd
(2000),Tabain (2003), Keating et al. (2004), Byrd et al. (2005, 2006), Cho (2006), Krivokapić (2007b), Bombien
et al. (2013),Cho et al. (2014), andKatsika (2016). For spatial magnitude, see, for example,Fougeron&Keating
(1997), Cho & Keating (2001), Fougeron (2001), Bombien et al. (2013), Georgeton & Fougeron (2014), and
Georgeton et al. (2016). For reduced gestural overlap, see, for example, McClean (1973), Hardcastle (1985),
Holst & Nolan (1995), Byrd & Saltzman (1998), Byrd (2000), Byrd et al. (2000), Bombien et al. (2006), and
Byrd & Choi (2010).
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the prosodic action across gestural control structures in prosodically sensitive regions in a truly
dynamical realization.

The next step in the elaboration of Articulatory Phonology’s consideration of prosody involved
activation dynamics. Activation dynamics allows gestural activation trajectories to unfold in a flex-
ible way that is sensitive to the prosodic environment, and offers the potential for simultaneously
allowing the prosodic structure to itself be specified dynamically.

4. PROSODY AND ACTIVATION DYNAMICS

It was desirable both on independent scientific grounds and for the internal theoretical develop-
ment and coherency of the Articulatory Phonology framework to advance an understanding of
prosodic or information structure in a way consistent with the theory’s dynamical model of lexical
(word) structure. A successful step would be to unite phrase-final and phrase-initial lengthening
and gestural overlap change at phrase junctures under the umbrella of a single mechanism of artic-
ulatory control dynamics. Byrd and colleagues (Byrd & Saltzman 1998, Byrd et al. 2000) proposed
that the dynamical tool kit be extended to the level of gestural activation to account for this type of
prosodic variability. Soon thereafter, Byrd & Saltzman (2003) presented an explicit computational
model to do so. This research introduced the prosodic or π-gesture model.

The π-gesture model proposed that prosodic variability can emerge from the interaction of
lexically specified dynamics of constriction gestures with prosodic gestures that represent phrase
boundaries via time-varying modulation. Crucially, these π-gestures are not vocal tract constric-
tion action gestures of any sort but rather are informational gestures that act vicariously on the
constriction gestures with which they are coactive. For the first time, a dynamic gestural unit
had no independent life as an action unit. And for the first time, prosody was associated with an
independent compositional unit.

An alternative to this theoretical approach of encoding prominence and phrasing with locally
acting abstract events is found in other linguistic accounts of prosody, especially in traditional
grammatical approaches that are explicitly relational in their organization (as familiar, for example,
from musical notation). These accounts offer their own rich insights into prosodic organization,
particularly with regard to rhythm, prominence, and syntactic and dialogic structure (see, e.g.,
Wagner & Watson 2010, Cole 2015, Arvaniti 2020).

Within Articulatory Phonology, the π-gesture model views phrase boundaries as activation dy-
namics created by prosodic gestures that directly alter the time flow of gestural activation, thereby
indirectly affecting vocal tract actions (for a thorough account, see Byrd & Saltzman 2003). Just
as constriction gestures do, prosodic gestures have a discrete interval of activation, which waxes
and wanes, and which must be coordinated in time with other gestures (Figure 2a).

However, rather than representing an articulatory constriction event, this cognitive element
acts to slow the time course of any constriction gestures that are “in play” or active during the
scope or domain of activation of the prosodic gesture (Figure 2b). The term transgestural is used
to describe this type of dynamical effect across all concurrently active gestures; transgestural effects
do not permit the “skipping” or “targeting” of specific gestures within the scope of the modulating
gesture. This means that a phrase boundary is expected to affect all gestures coactive with the π-
gesture. The prosodic slowing of the central clock pacing the unfolding of vocal tract constriction
gestures means that gestures coactive with the π-gesture will start temporally later, in addition to
exhibiting the gestural lengthening created by depressing the gating-in of the intrinsic stiffness
parameter. Thus, as a consequence, the gestures become less overlapped. It may also be the case
that a constriction will be detruncated (by the delay of an upcoming coarticulated gesture) and
so exhibit less spatial undershoot, yielding a larger spatial magnitude. It is via this complex of
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Two schemas illustrating Byrd & Saltzman’s (2003) π-gesture model (inspired by their figures 3 and 6). (a) The arrangement of a
phrase-final and a phrase-initial constriction gesture, spanned by a phrase boundary instantiated by a π-gesture. The scope of the
π-gesture’s effect is indicated as the orange shaded area. This modulation effect strengthens as the activation of the π-gesture waxes as
the phrase edge approaches, and weakens as the π-gesture activation wanes as the phrase edge recedes. (b) Movement trajectories for
two constriction gestures spanning a phrase boundary. The π-gesture is centered between the two constriction gestures, and the effect
of its modulation on gestural activations, and consequently constriction position, is observed in the solid trajectories. Figure adapted
with permission from Byrd & Saltzman (2003).

consequences that the multifaceted articulatory signatures of phrase boundaries are unified under
the dynamical mechanism of the π-gesture.

Within the π-gesture model, boundaries are represented gradiently rather than categorically
or symbolically. So, boundaries encoding greater disjuncture (for example, in traditional terms, at
an Intonational Phrase versus an Intermediate Phrase) have greater activation and thereby exert a
greater slowing or “stretching” of the concurrent gestural activations.Theπ-gesture model makes
no distinction between final and initial phrase edges; a singleπ-gesture spans a boundary, reaching
transgesturally into both final and initial phrase-edge material. (We return in Section 8, below, to
the complicated issues of continuing investigation regarding one versus two π-gestures at a junc-
ture and pausing.) Krivokapić (2020) notes that while there may be a “difference in the amount
of lengthening between phrase-final and phrase-initial position [. . .due to the activation] shape
of the π-gesture. . .there is no systematic, categorical, linguistically relevant difference between
phrase-final and phrase-initial lengthening” (emphasis in original). Lastly, the more temporally
distant a vocal tract constriction gesture is from a π-gesture’s maximal activation, the smaller the
influence the π-gesture will have on slowing its activation, predicting that, transgesturally, ges-
tures closest to the boundary will lengthen more than those farther from it.6 Since the inception
of the π-gesture model, numerous empirical findings have supported its predictions regarding
intragestural and intergestural timing at phrase boundaries. Predictions of the model regarding
the symmetricality and temporal scope of phrase-boundary effects have been supported by exper-
iments showing that gestures lengthen over a continuous stretch, that lengthening affects both

6Skewed π-gesture activation functions, as well as the attraction or extension of the π-gesture away from the
phrase edge, remain poorly examined in the model.
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phrase-final and phrase-initial gestures, that the lengthening effect decreases with distance from
the boundary, and that gestures overlap less at boundaries (e.g., Byrd et al. 2005, 2006; Bombien
et al. 2006; Byrd & Riggs 2008; Lee et al. 2006; Katsika 2012).

While the π-gesture model remains the only computationally implemented model of prosody
(or of activation dynamics) within Articulatory Phonology, theoretical developments have contin-
ued to advance. Specifically, the development of a coupled oscillator planning model for chore-
ographing constriction gestures in time and the initial integration of prominence (and rhythm)
into an account of prosody have cooperated to lead to the next developments.

5. PROSODY AND MODULATION GESTURES

Saltzman et al. (2008) significantly extended the π-gesture model to capture prosodic events be-
yond boundaries, specifically those related to prominence. Previous research suggests some sim-
ilarity between boundary and prominence effects, such that under prominence, gestures become
larger and longer, and prominence effects extend over time. That said, in contrast to gestures at
a boundary, gestures encoding prominence exhibit higher peak velocity than nonprominent ges-
tures, and prominence effects, while occurring over an interval, are coordinated such that they
are strongest at the nucleus of the stressed syllable of the prominent item (Beckman et al. 1992,
Beckman & Edwards 1994, Cho 2006, Katsika 2016). This research suggests that the effects of
boundaries and prominence could be modeled in a similar manner, albeit with their own partic-
ulars of coordination and transgestural modulation. Saltzman et al. (2008) postulated a temporal
modulation gesture—rebranded a μT-gesture—that acts to modulate the gestural plan or score
(e.g.,Figure 1) at its creation rather than at its realization.While theπ-gesture affects the gestural
score once it is specified—that is, once words have been selected from the lexicon and composed
into an utterance—the μ-gesture is incorporated into Articulatory Phonology’s planning oscil-
lator model (Saltzman et al. 2008) and acts to change the frequency parameters of the planning
oscillators.Moreover, Saltzman et al. (2008) propose the utilization of two “flavors” ofμ-gesture—
a temporal μ-gesture (μT-gesture) and, more tentatively, a spatial μ-gesture (μS-gesture)—that
modulate the utterance time flow or spatial target parameters, respectively, of coactive vocal tract
constriction gestures. The μT-gesture has been used to model temporal effects of stress in Amer-
ican English (Saltzman et al. 2008). It has also been suggested that the μS-gesture can capture
temporal and spatial effects of stress in Greek, with temporal effects being the secondary conse-
quence of spatial effects (Katsika 2018).

The original π-gesture model applies to activation dynamics, locally time-warping a specific
gestural score. In contrast, the μ-gesture approach modulates the ongoing values of the foot and
syllable natural frequency parameters or the rate of phase flow (Saltzman et al. 2008) of the plan-
ning oscillators that govern the underlying pacing of an utterance. Despite this distinction, the
μ-gesture carries on the primary foundational properties laid out for a dynamic prosodic gesture
within Articulatory Phonology. It is active over a local discrete interval, it acts transgesturally, it
must be coordinated in time, and it acts vicariously to modulate gestures that are concurrently
active within its scope or domain.

While research to date on prosodic μ-gestures has focused on the μT-gesture (Saltzman et al.
2008, Katsika et al. 2014, Katsika 2016; but see Katsika 2018 for discussion of the role of the
μS-gesture for modeling prominence), the possibility of a spatial modulation gesture, which pre-
sumably will exhibit distinct kinematic consequences from a temporal modulation gesture, offers
the interesting possibility that μS-gestures could prove useful in capturing prominence in particu-
lar, given that constrictions under prominence exhibit kinematic properties (e.g., velocity profiles
and patterns of overlap) different from those at boundaries. Furthermore, if there is more than
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one type of modulation gesture at work in prosody, the coordination patterning of μS-gestures
could also differ from that of μT-gestures, perhaps capturing a coordination of the former with a
lexically stressed syllable (along the lines of Saltzman et al. 2008,Katsika et al. 2014), while bound-
ary gestures are anchored to a phrase edge in coordination with final/initial constriction gestures
[and seemingly also coordinated with a nearby lexical stress in many languages (Katsika 2016)].
Indeed, from a cognitive or functional perspective there is no reason to suppose that realizing
informational grouping (boundaries) must share the same cognitive underpinnings as realizing
prominence.

6. GESTURAL MODULATION AND RHYTHM

In order to grasp how gestural modulation may encode informational prominence and phrasing
in Articulatory Phonology, a consideration of linguistic rhythm is warranted. Despite decades of
linguistic study, the definition and properties of linguistic rhythm remain disputed (e.g., Arvaniti
2012, Tilsen & Arvaniti 2013). The traditional crosslinguistic division into stress- and syllable-
timed languages with the concomitant properties of foot isochrony and syllable isochrony is well
known to be inaccurate (e.g., Dauer 1983; review in Arvaniti 2012). Yet, there is evidence that
a tendency toward foot isochrony in American English exists, such as polysyllabic shortening,
whereby stressed syllables shorten when unstressed syllables are added to the foot (Lehiste 1972,
Klatt 1973, Port 1981, Rakerd et al. 1987). Specifically, Kim & Cole (2005) find that stressed but
not unstressed syllables within a foot shorten with the addition of unstressed syllables to the foot.
To model these findings with the gestural modulation approach, Saltzman et al. (2008) generalize
the planning oscillator model, which has been used to drive gestural timing, to include a foot
and a syllable planning oscillator that are bidirectionally coupled to each other (see also O’Dell
& Nieminen 1999 and Barbosa 2007 for such an approach). Each oscillator has a weighting that
determines how strong its influence is. In a stress-timed language, the foot oscillator will be more
strongly weighted; thus, the foot oscillator will be more dominant.This will lead to the shortening
of syllables within the foot (i.e., polysyllabic shortening) and thus toward foot isochrony. The
other salient property of the foot, namely that its stressed syllable is longer than its unstressed
syllables, is due to the μT-gesture, which, as discussed above, has the effect of lengthening the
gestures coactive with it. Finally, the effect observed by Kim & Cole (2005), among others, that
only stressed syllables, not unstressed ones, shorten in a foot is accounted for by adjusting the
weight of the foot and syllable oscillators. While the foot oscillator’s weight is stronger than the
syllable oscillator’s weight during the stressed syllable, it is weaker during the unstressed syllables.
Consequently, only the stressed syllable will be affected by the “squeezing” driven by the foot
oscillator.7

One pressing point, both for an Articulatory Phonology approach to prosodic structure and
for prosodic research in general, is that there is an insufficient understanding of the kinematic
properties of stress. Until diverse high-quality crosslinguistic articulatory data are acquired and
kinematics better understood, it will not be possible to determine whether a μT-gesture or a μS-
gesture provides a better model of stress. Similarly, without knowing the kinematic properties of

7It has also been suggested (Krivokapić 2013) that convergence between speakers of American and Indian
English can arise as a result of the weighting of the oscillators changing, such that for speakers of American
English the foot oscillator becomes less dominant in the course of an interaction with Indian English speakers.
In general, changing of the oscillator weighting could be a way to model crosslinguistic differences, to account
for the continuum of stress-timedness across languages.
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the constrictions spanning a foot and how these interact with phrase boundaries, it will not be
possible to definitively model the foot within Articulatory Phonology.

With these caveats in mind, as they are currently understood, the μT-gesture and the foot
and syllable oscillators collaborate to account for the rhythmic proclivities of American English.
The introduction of the foot and syllable planning oscillators also gives rise to the possibility of
modeling the prosodic hierarchy as arising from nested planning oscillators. We return to this
topic in Section 10, below.

7. INTONATION AND GESTURAL REPRESENTATION

In addition to the temporal phenomenon of boundary-related lengthening, prosodic structure is
manifested via tonal properties and acoustic pauses. Tonal properties include marking of pitch ac-
cents and marking of phrase edges (for example, at Intermediate and Intonational Phrase bound-
aries in English). Analyzing kinematic and acoustic data, D’Imperio et al. (2007) were the first
to demonstrate that intonational gestural events might be coordinated with constriction events
rather than acoustic landmarks, and later research has provided further evidence of such coordi-
nation (Niemann et al. 2011,Mücke et al. 2012). This vantage point has opened the door for con-
sidering tonal attraction/crowding/repulsion in terms of (competing) coupling relations among
the tonal (and constriction) gestures, and prosodic gestures are likely to have a role to play here
as well.

Let us step back for a moment and consider the gestural representation of tone. Empirical and
modeling research has shown that lexically specified tones can be understood as gestures (Gao
2008, Karlin & Tilsen 2015,Hu 2016, Lee 2018, Zhang et al. 2019; see also Ladd 2006), generally
understood to be H and L primitives. Gestures have as their task linguistically relevant variations
in vocal fold vibration frequency. Like constriction gestures, they are coordinated with the other
gestures of the lexical representation via existing modes of coupling, typically in-phase and an-
tiphase, and like consonant and vowel gestures, they can be affected by competition among the
coupling relationships (Gao 2008, Hsieh 2017, Karlin & Tilsen 2015, Hu 2016). The representa-
tion of lexical tone in gestural terms will require that these tonal task gestures (whether defined
articulatorily or acoustically) necessarily be coordinated with prosodic gestures. This modeling
remains almost wholly unexplored (but see Lee 2018, Lee et al. 2018b, and Oh & Byrd 2019 for
initial thoughts).

The gestural approach to lexical tones has been extended to intonation gestures, such as pitch
accents, accentual phrases, and boundary tones. The general spirit of this approach is initially laid
out in the segmental anchoring hypothesis as first developed in the context speech rate variability
by Ladd et al. (1999) and Prieto &Torreira (2007), and by D’Imperio et al.’s seminal research inte-
grating the potential of articulatory anchoring for phrase-edge tones (e.g., D’Imperio et al. 2007),
advanced by Ladd (2006) for pitch broadly. Specifically, this research line probes the possibility
that gestural tonal primitives for prosodic information encoding are coordinated or coupled with
constrictions at prominent lexical items and phrasal junctures. For examples of such research, see
Mücke et al. (2012) and Niemann et al. (2011) for pitch accents, Katsika et al. (2014) for bound-
ary tone, Niemann (2016) for phrase accents, and Lee (2018) and Lee et al. (2018b) for accentual
phrases.

One interesting finding from this line of research is that tone gestures in lexical representations
and tone gestures deployed postlexically as pitch accents exhibit different coordination patterns.
While lexical tones affect the coordination of consonants and vowels of a syllable (e.g., Gao 2008,
Zhang et al. 2019), pitch accents do not appear to, as would be consistent with their postlexical
status (Mücke et al. 2012). The advantage of the Articulatory Phonology framework is that the
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coordination among tone, consonant, and vowel gestures can be specified precisely, using linguis-
tically relevant kinematic landmarks (such as gesture onsets) rather than requiring reference to
somewhat approximate acoustic landmarks (see Ladd 2006 for issues arising when acoustic land-
marks are used as anchoring sites for tones). Initial results also suggest that crosslinguistic variation
might be accounted for by different ways in which intonation gestures are coupled to one another
and/or to constriction gestures (Niemann et al. 2011, Mücke et al. 2012). Lastly, note that the
incorporation of intonation into Articulatory Phonology via the integration of tonal gestures into
the gestural score offers the advantage of having all the major aspects of both lexical and prosodic
structure modeled as gestures—speech production gestural tasks and the modulation of those
tasks via informational tasks. Critically, the linguistic structuring of languages is represented such
that all components of prosody and of lexical items have a discrete activation interval coordinated
within an utterance.

The dynamical tool kit, as cogently reviewed by Roessig et al. (2019) and Roessig & Mücke
(2019), additionally offers the utility of phase transitions between attractors to account for prosodic
(and other) speech variability. Such transitions can emerge as control parameters vary and have
been postulated to account for resyllabification (de Jong 2001), gestural intrusion in speech errors
(Goldstein et al. 2007b), and phonological alternations (e.g., Parrell 2012). The dynamical tool kit
has been extended to the phonological grammatical level by Gafos and colleagues (e.g., Gafos &
Beňuš 2006) by deploying shifts between attractors as a function of biasing parameters to account
for both categorical and continuous phonological variation. This dynamical view of phonologi-
cal grammar is extended by Lee (2018) and Lee et al. (2018b) to model the interaction of register
tone and phrase accent and byNava &Tepperman (2010) to model an interplay between rhythmic
variability and relative prominence placement. Nava & Tepperman (2010) propose that the native
versus nonnative (Spanish-L1) prosodic patterns in producing English can be modeled as discrete
modes of a dynamical system by manipulating the control parameter of a tilted anharmonic oscil-
lator (Tuller et al. 1994) to bias attractor selection and attractor values. Most recently, while not
specifically integrating articulatory constriction gestures as deployed in Articulatory Phonology,
Roessig et al. (2019) and Roessig &Mücke (2019) present an elegant dynamical systems approach
to what can be understood as pitch accent timing variation. Roessig & Mücke (2019) account for
pitch accent timing differences observed among broad, narrow, and contrastive focus categories
via a single underlying dynamical mechanism, observing that “prosodic dimensions contribute
differently to the complex shape of the compositional attractor landscape and respond differently
to the scaling of the system.”

8. PAUSES AND THE GESTURAL SCORE

Phrases do not always seamlessly transition from one phrase to the next. Thus, an Articulatory
Phonology account of phrase boundaries must understand how such a seam or pause occurs
between phrases. Early in the account of prosodic signatures in articulation, Byrd & Saltzman
(2003) speculated as to whether a π-gesture’s action might account for articulatory properties
during pauses. They allowed for the possibility that two π-gestures might be present in such
circumstances:

. . .one delimiting the end of the first informational unit and one initiating the next?. . . [I]t is possible
that a cessation or initiation of speaking requires the stopping or starting of the clock. Such stops and
starts are typically coincident with the edges of informational units and, therefore, would typically be
accompanied by a π-gesture under our account. (Byrd & Saltzman 2003, p. 176)

At first blush, it might seem that an overt clock-starting gesture would be required to initiate
an utterance, along the lines stated in the above quotation. But within the planning oscillator
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framework, starting an utterance is done by selecting the gestures (with their intrinsic param-
eters) that are linked to the appropriate planning oscillators in the ensemble (whose coupling
graph reflects the lexical entry); then, the planning ensemble is allowed to reach its steady state,
after which articulation is governed by the triggering of each gesture’s activation wave with ref-
erence to the ongoing activity of the ensemble—speaking starts without an explicit clock-starting
gesture.

Recently, researchers have begun to investigate articulatory kinematic patterns occurring dur-
ing acoustic pauses and have found systematic differences in behavior for different types of pauses,
such as pauses at prosodic boundaries in comparison to pauses during resting positions (e.g.,
Ramanarayanan et al. 2009). In particular, there is some evidence of targeted, controlled artic-
ulation during pauses, termed pause postures (Katsika et al. 2014, Krivokapić et al. 2020; see also
Gick et al. 2004, Tilsen et al. 2016, Rasskazova et al. 2018, 2019). It is unclear whether this distinct
postural appearance is a consequence of an independently active gesture or the result of a neutral
attractor pulling the articulators back toward their neutral position (see Krivokapić et al. 2020).
If a pause posture is created by a separate gesture, we would expect this gesture to have a specific
function. For example, a pause gesture might provide time for a speaker’s planning of an utterance,
or it could signal to a listener an upcoming long utterance or indicate a type of utterance, such as
a rhetorical question. In contrast, if a pause posture is the consequence of “exposing” the neutral
attractor, there is no expectation of specific function—while the exposed gesture could yield plan-
ning time and/or be informative to a listener, the only necessary goal of the gesture would be that
of returning the articulators to their default articulatory setting or posture. Research on the exis-
tence, properties, and functions of pause postures is an area of immediate interest among speech
production researchers, and evidence to date points to a systematic relation between pausing and
the prosodic gestures understood to characterize phrasal junctures and prominence.We turn next
to the integration of the various prosodic gestures.

9. AN INTEGRATED PROSODIC GESTURAL APPROACH

Recently, Katsika and colleagues (Katsika 2012, Katsika et al. 2014) have elaborated a prosodic
gestural approach within the Articulatory Phonology framework that integrates the modeling of
boundaries as π-gestures, prominence as μ-gestures, and pause postures. Katsika and colleagues
conceive of a set of prosodic gestures that interact in a dynamic way to give rise to the temporal
and tonal properties that characterize boundaries. Within this approach, the π-gesture has a dual
coordination: It is coordinated to the phrase-final vowel constriction gesture and weakly to the
μT-gesture associated with stress, resulting in a shift of the phrasal π-gesture toward the stressed
syllable when stress occurs earlier in the word (Figure 3a) in comparison to when it occurs later
(Figure 3b). This proposal accounts for findings showing that lengthening starts earlier in words
with earlier stress for Greek (Katsika et al. 2014), as well as in a number of other languages (Katsika
2016).8

An additional feature of the Katsika model is that a phrasal tone gesture at a boundary will
be triggered when the π-gesture reaches a designated level of activation. Since the π-gesture
shifts toward a stressed syllable, this means that the threshold for boundary tone activation will

8It might also account for the shortening found on the stressed syllable in phrase-final words compared with
phrase-medial words.Katsika (2016) suggests that the shortening is due to theμT-gesture being pulled slightly
toward the π-gesture, thus reducing the amount of lengthening of the stressed syllable in phrase-final com-
pared with phrase-medial words (see also Kim et al. 2017 for a similar shortening effect in American English).
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Figure 3

A schematic representation of boundary events, as conjectured by Katsika et al. (2014), for words with stress (a) on the first syllable and
(b) on the second syllable. (Only the parts of the model described in the text are represented.) V́ indicates stressed vowels; lines indicate
coordination between gestures. Figure adapted with permission from Katsika et al. (2014).

be reached earlier (and, thus, the boundary tone will start earlier) when stress is earlier in the
word (as in Figure 3a). This corresponds to Katsika et al.’s (2014) findings for Greek. Finally, the
pause posture identified by Katsika et al. is triggered by an even stronger activation of a phrasal π-
gesture. The predictions of this account are that boundary tones should occur only at boundaries
with lengthening and that pause postures should occur only at very strong boundaries—namely
those that have both lengthening and boundary tones.

The Katsika model provides a comprehensive account of temporal and tonal properties at
boundaries and makes specific predictions about the interactions among a set of prosodic gestures.
The model introduces two mechanisms: (a) the idea that there are different degrees of coupling
strength among prosodic elements—an idea also explored and computationally implemented by
Mücke et al. (2019) to examine differences in pitch accent coordination across languages, and
(b) the idea that a sufficient level of activation of a π-gesture can trigger another (prosodic) ges-
ture. This is a novel mechanism of gesture coordination within Articulatory Phonology and one
that still needs to be modeled and better understood.

Some aspects of Katsika et al.’s account remain tentative and have not yet been computationally
implemented. However, the integration of multiple prosodic gestures is an exciting development
for Articulatory Phonology as an approach that integrates both tonal and temporal aspects of
prosodic structure. This integrated account provides an avenue for modeling effects of promi-
nence on boundary-related lengthening and for increased clarity in the temporal triggering of a
π-gesture’s onset. Future research will need to test the explicit predictions the account makes, as
well as explore how typologically different languages do or do not necessitate innovations.

10. OUTSTANDING FRONTIERS

With the substantial progress made in incorporating prosody into the Articulatory Phonology
framework, a range of questions has emerged, crystallizing outstanding issues. In large measure,
these fall at the extremes of the spectrum ranging from the abstract and theoretical to the com-
municative and functional. We outline a subset of these food-for-thought items below.
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The prosodic gesturemodel of Byrd and Saltzman introduced a novel way of understanding the
prosodic hierarchy, namely as independent cognitive (or phonological) events (e.g.,π-gestures) of
varying strength. This boundary strength—in the form of π-gesture activation level—is, at least
in potential, gradient (though perhaps it would not be expected to be smoothly so). Evidence for
the view that, fundamentally, prosodic categories do not differ qualitatively but rather quanti-
tatively is outlined by, for instance, Wagner (2005), Krivokapić & Byrd (2012), Beňuš & Šimko
(2014), and Krivokapić (2020). More recent developments of foot and syllable planning oscilla-
tors (e.g., O’Dell & Nieminen 1999, Saltzman et al. 2008) allow for the possibility of modeling a
prosodic hierarchy as arising from nested planning oscillators, as also suggested by Tilsen (2019).
Note, though, that under neither approach does the prosodic hierarchy consist of qualitatively
different symbolic categories (such as Intonation Phrase or Intermediate Phrase). Under the π-
gesture model, boundaries of different strengths arise through varying activation strength (either
smoothly distributed or clustered), whereas the nested oscillator approach deploys oscillators of
varying frequency. These are two fundamentally different views of the prosodic hierarchy, though
both leverage the dynamical tool kit. Theoretical, empirical, and computational research will be
necessary to make a principled decision as to which account is superior.

Moreover, given that foot and syllable oscillators seem by their very definition to intrinsi-
cally capture rhythmic (e.g., stress and moraic) properties of lexical items and presumably of
lexical items composed into longer utterances, it is incumbent on Articulatory Phonology to
explicate an account of phonological rhythm in these terms. Saltzman et al. (2008) have ap-
proached the question of isochrony and compensatory shortening in this way. But a typolog-
ical approach to crosslinguistic rhythm from a coupled oscillatory perspective remains remote
(though see Port et al. 1995, Port 2003, Nam 2007, and Tilsen 2019, as well as research in the
domain of music, e.g., Large et al. 2002 and Large 2008). As described above, modulation of
these same planning oscillators has been proposed to account for prosodic structure; thus, an in-
teraction of rhythm and prosody would seem inevitable. Katsika and colleagues (Katsika 2012,
Katsika et al. 2014) have outlined a view that modulation gestures associated with lexical stress
and those associated with boundaries are explicitly coupled with one another (see also Krivokapić
2007b, Byrd & Riggs 2008, Cho et al. 2016). Articulatory Phonology will ultimately need to pro-
vide both theoretical and computation integration of prosodic boundaries and prominence (and
their associated pitch/phrase accents/tones) with rhythm that can successfully yield a typology
of metrical structure and account for the empirically observed interactions of these linguistic
phenomena.

At the functional end of the prosody spectrum lies the application of the dynamical approach
to interactive speech. To date, most prosody research that has been able to provide the high-
quality kinematic data serving to move Articulatory Phonology forward has been drawn from
solo-speaker, read speech.Scholars developing the frontiers of Articulatory Phonology have shown
an interest in leveraging innovative novel instrumental techniques such as real-time magnetic
resonance imaging (rtMRI) (Byrd et al. 2009; Ramanarayanan et al. 2009, 2013; Toutios et al.
2016, 2019; Oh & Lee 2018; Parrell & Narayanan 2018; Chen et al. 2019; Hagedorn et al. 2019;
Lim et al. 2019) and in the larger communicative circumstances of spoken language, particularly
in (nonread) conversational interactions, to which we turn next.

While some functions of prosodic structure have been well examined from various psycholin-
guistic perspectives—such as the relationship between intonation and meaning for prominence
and the role of prosodic phrasing in syntactic disambiguation—Articulatory Phonology has barely
begun to incorporate this work on speech planning and communicative function. One line of
research has begun to investigate the role of prosodic phrases in planning, suggesting that phrases
chunk an upcoming utterance into planning units for phonological and phonetic encoding
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(Keating & Shattuck-Hufnagel 2002; Krivokapić 2007a, 2012). The size of these prosodic phrases
is flexible and depends on various factors, many of which are related to cognitive load, but it
also depends on the working memory of the speaker (Ferreira & Swets 2002; Krivokapić 2007a,
2012; Swets et al. 2007, 2017; Bishop 2016b). Relatedly, it remains an open question as to what
the function of articulatory patterns during pauses (Ramanarayanan et al. 2013) and at prosodic
boundaries may be. It has been suggested that pause postures are related to the planning of an
upcoming utterance (Krivokapić et al. 2020) or to breathing (Rasskazova et al. 2019), but this
research has only just begun. Understanding the functional interplay between prosodic structure
and cognitive and planning constraints will help us come closer to answering some of the
fundamental questions of prosodic structure, such as the nature of the prosodic hierarchy. At this
point, however, Articulatory Phonology as a theory of linguistic representation makes essentially
no contact with higher-level planning and information structuring. While it may be that this is
beyond the scope of Articulatory Phonology, the most desirable state of affairs would be for the
dynamical representations deployed in Articulatory Phonology to be able to interact relatively
seamlessly with other cognitive processes active in shaping spoken-language communication.

Individual differences also exist in the phonetic manifestations of prosodic boundaries and
prominence and in their perception, and have recently been the subject of systematic investigation
(e.g.,Cangemi et al. 2015; Bishop 2016a,b; Grice et al. 2017; Roy et al. 2017; Kim 2020).While the
patterning of these differences has been argued to be evidence for an approach in which phono-
logical and phonetic aspects of phrase boundaries are understood as isomorphic (Grice et al. 2017),
systematic individual differences in prosodic organization have received relatively little attention
within the Articulatory Phonology framework.

Lastly, in contemplating the realm of spoken-language communication behaviors as considered
within Articulatory Phonology (or highly compatible approaches), innovative first steps include
kinematic research on manual cospeech actions (Danner 2017), examination of cospeech move-
ment of brow and head at floor exchanges (Danner et al. 2019), and examination of the relation-
ship between deictic gestures and prosodic structure (Parrell et al. 2014, Krivokapić et al. 2016,
2017); seeWagner et al. (2014) for an overview of the relationship between cospeech gestures and
prosody. In addition to cospeech movements, fascinating research has recently provided evidence
for prosodic convergence between individuals engaged in synchronous speech or in conversation.
Krivokapić (2013) and Lee et al. (2018a) have shown convergence in prosodic parameterization at
prosodically sensitive positions, and Reichel et al. (2018) have shown convergence in global time-
varying patterns associated with pitch between like dialogue acts (see also Reichel & Cole 2016
on categorical pitch accent convergence as well as Tiede & Mooshammer 2013 and Vatikiotis-
Bateson et al. 2014 for other studies of articulatory convergence). These types of empirical find-
ings suggest that cognitive primitives of linguistic representation can be active in interindividual
convergence processes and that convergence research may provide a potential probe of atomic
gestural units, both lexical and prosodic. A dynamical account of prosodic convergence may ulti-
mately deploy notions of cross-speaker alignment or entrainment of prosodic gestures, but how
exactly this “dynamical attraction” will play out in terms of interaction of oscillatory units at long
timescales across individuals is wholly unclear.

In summary, prosody must be modeled with an eye to its social context. In natural interac-
tive communication between speakers, elements falling under our admittedly narrow definitional
umbrella of prosody—phrasing and prominence—most certainly interact with the functional as-
pects of a more encompassing consideration of prosody, such as tempo, affect, speech planning,
stylistics, social dynamics, and conversational structuring. And within the larger field of cognitive
science, we expect future research on prosody within Articulatory Phonology to expand the co-
herency between Articulatory Phonology as a dynamical framework for language and dynamical
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understandings of other cognitive domains, such as music, memory, vision, and systems neuro-
science, such as in the work of E. Chang and colleagues (including Bouchard et al. 2013, Tang
et al. 2017, Chartier et al. 2018).

11. SUMMARY

Over the last three decades, the revolutionary tenets of Articulatory Phonology have become in-
creasingly mainstream in theoretical phonology. Browman, Goldstein, Saltzman, and their col-
leagues have unequivocally demonstrated that linguistic representations that provide for the in-
corporation of time, coordination, and dynamically defined abstract tasks can illuminate and unify
a wide variety of phonological patterning across diverse languages. Structure above the gestural
level, such as syllable structure and, to a lesser degree, stress and rhythm, became increasingly in-
tegrated into the dynamical conception of lexical representation. However, information encoding
above the word level is a more recent arrival to the party.

This article has reviewed the incorporation of prosodic structure within the Articulatory
Phonology framework. Under this dynamical systems approach, prosodic structure arises from
a small set of abstract informational prosodic gestures, as conceived by Byrd, Saltzman, and col-
leagues, that capture the grouping of lexical items into informational units and the prominence of
individual items within those groups. These prosodic gestures are coordinated with the (likewise
limited) set of phonological gestures composing the words of an utterance and serve to modulate
those phonological primitives and/or add intonational actions, which, in turn, are also coordinated
with prosodic and lexical actions. The prosodic gestures that have been postulated over the past
two decades include π-gestures, tone gestures,μ-gestures, and pause postures, in interaction with
syllable- and foot-level rhythmic oscillators. Some of these abstract prosodic entities, such as π-
gestures, have been computationally modeled within the Task Dynamics framework, but a great
deal of further computational research remains in order for Articulatory Phonology to integrate
a wider array of prosodic gestures into its simulation capability.

Phrasal structure and prominence structure, requisite in composingwords into utterances,were
first captured in Articulatory Phonology’s theoretical and dynamical framework in the early 2000s.
Phrasal boundaries were conceived of as gestural in nature, parallel to the way constriction events
are understood (Byrd & Saltzman 1998, 2003; Byrd et al. 2000). The π-gesture model postulated
gestures that extend in time and act transgesturally to modulate the activation dynamics of co-
produced vocal tract constriction gestures. π-Gestures warp the unfolding of articulation in the
vicinity of a phrase boundary. No longer is the gestural score a player-piano roll (à la Saltzman
& Munhall 1989); rather, the fabric of an utterance is elastic—stretchable or compressible. This
model made a number of testable hypotheses that, over the years, have generated a substantial
body of work, which has largely supported its predictions and led to further developments of an
account of prosody leveraging the incorporation of dynamics into phonological representation.
The main further developments of the model have included the instantiation of tone gestures,
the inclusion of a foot and syllable oscillator, the introduction of spatial and temporal modulation
gestures, and a consideration of how the properties of prosodic boundaries may emerge via the
coordination of a set of prosodic gestural events or cognitive primitives.
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Katsika A, Krivokapić J, Mooshammer C, Tiede M, Goldstein L. 2014. The coordination of boundary tones
and its interaction with prominence. J. Phon. 44:62–82

Keating P, Cho T, Fougeron C, Hsu C. 2004. Domain-initial articulatory strengthening in four languages.
In Phonetic Interpretation: Papers in Laboratory Phonology VI, ed. J Local, R Ogden, R Temple, pp. 143–61.
Cambridge, UK: Cambridge Univ. Press

Keating P, Shattuck-Hufnagel S. 2002. A prosodic view of word form encoding for speech production.UCLA
Work. Pap. Phon. 101:112–56

Kelso S, Saltzman E, Tuller B. 1986. The dynamical perspective on speech production: data and theory.
J. Phon. 14:29–59

Kim H, Cole J. 2005. The stress foot as a unit of planned timing: evidence from shortening in the
prosodic phrase. In Proceedings of the 9th European Conference on Speech Communication and Technology
(INTERSPEECH 2005), pp. 2365–68. Boston: ICSA

Kim J. 2020. Individual differences in the production and perception of prosodic boundaries in American English. PhD
Thesis, Univ. Mich., Ann Arbor

Kim S, Jang J,ChoT. 2017.Articulatory characteristics of preboundary lengthening in interaction with promi-
nence on tri-syllabic words in American English. J. Acoust. Soc. Am. 142:EL362–68

Klatt DH. 1973. Interaction between two factors that influence vowel duration. J. Acoust. Soc. Am. 54:1102–4
Kochetov A, So CK. 2007. Place assimilation and phonetic grounding: a cross-linguistic perceptual study.

Phonology 24:397–432
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Krivokapić J. 2012. Prosodic planning in speech production. In Speech Planning and Dynamics, ed. S Fuchs,

M Weirich, D Pape, P Perrier, pp. 157–90. Frankfurt, Ger.: Lang
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