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7.1 Introduction

There is probably no speech utterance that involves only a single organ of the 
vocal tract. In a sense, full coverage of the topic of interarticulatory coordination 
therefore requires coverage of speech production in its entirety, and it is important 
at the beginning of this chapter to outline how we intend to define a task of man-
ageable proportions. Thinking in terms of the three processes defined by Catford 
(2001), initiation, phonation, and articulation, we will focus on articulation, defined 
as the process of modifying an airstream. So we will not go into areas such as the 
coordination of respiratory and phonatory activity, nor the patterns of coordinated 
movement that are required for non‐pulmonic initiation. We will, however, be 
devoting a section to laryngeal‐oral coordination in which we treat the alternation 
between voicing and voicelessness as articulatory behavior of the larynx.

A basic distinction in articulation is that between temporal and spatial aspects. 
We will be looking at interarticulatory coordination above all in its temporal 
aspects. Spatial aspects, namely how multiple articulators collaborate to achieve 
some functional goal, are dealt with by Perrier and Fuchs in Chapter 11 of this 
volume under the title of motor equivalence, a key theoretical issue in speech 
motor control.

Even from the temporal point of view, we will not attempt to cover one big area, 
namely timing issues with respect to coarticulation. Coarticulation necessarily 
involves issues of interarticulatory coordination. For example, when investigating 
the extent of anticipatory labial coarticulation, the activity of the lips in the articu-
lation of some sound must be referenced in time to the activity of some other 
speech organ, or perhaps to some acoustic goal. Since good reviews of coarticula-
tion are readily available, and full coverage of this topic would involve discussion 
of a multitude of acoustic studies, we refer the reader to the relevant sources (e.g., 
Farnetani and Recasens 2010).
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134 Coordination and Multimodal Speech

Turning now to the structure of the chapter itself, the most fundamental divi-
sion we will be making is between the coordination of multiple articulators in the 
articulation of single segments (section 7.2) versus coordination of multiple artic-
ulators in the articulation of multiple segments (section 7.3). In section 7.2, attention 
will be paid to influences on timing patterns when, for example, the tongue and 
jaw or the lips and jaw are coordinated to form a constriction. Attention will also 
be paid to a particularly clear case in which interarticulatory timing has linguistic 
relevance, namely laryngeal‐oral timing in various forms of the voicing distinc-
tion. We thus also need to distinguish between cases where multiple articulators 
contribute to a single gesture in a single segment and those where the different 
articulators also involve different gestures (gesture is used here in the sense of a 
constriction in the vocal tract). We will also review the influence of syllable posi-
tion on multiple‐gesture segments.

In section 7.3, which focuses on the case of the coordination of multiple articu-
lators across multiple segments, we examine the timing of consonant sequences, 
such as the movements of tongue‐dorsum and tongue‐tip for /kl/, and also the 
timing of consonant‐vowel sequences. discussion will again focus on the role of 
syllable position in determining timing patterns. We will also consider the influence 
of the segmental properties of the elements in a sound sequence, such as voicing 
or place order, as well as language‐specific preferences for specific coordination 
patterns.

It is worth mentioning at this point that the traditional term “segment” we have 
used here is often regarded by proponents of gestural theories (e.g., Task dynamics, 
Articulatory Phonology) as the epiphenomenal expression of underlying 
coordination patterns. Regarding gestures as the basic units (“atoms”) of articula-
tory representation, “segment” is simply a convenient term for multigestural 
(“molecular”) structures with a particularly high degree of cohesiveness. Evidence 
for this view comes from, for example, Saltzman et al. (1998) and Saltzman, 
löfqvist, and Mitra (2000), who analyzed phase‐resetting in a perturbation para-
digm and found stronger intergestural “glue” within than between segments. 
Along these lines, Pouplier (2011) has recently noted that a consonant cluster is not 
fundamentally different from a single consonantal segment given that closure and 
release can be modeled by separate but coupled dynamic building blocks, as in the 
split‐gesture dynamics approach of nam, Goldstein, and Saltzman (2009).

7.2  Coordination of multiple articulators for single 
segments

7.2.1 Multiple articulators for a single gesture
A considerable body of work has looked at the coordination of multiple articula-
tors to form a specific vocal tract constriction, such as lip‐closure, from the point of 
view of the cohesiveness of the component movements. A high level of cohesive-
ness in coordination patterns provides evidence for the existence of higher‐level 
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functional groupings of the articulators. These functional grouping are often 
referred to as coordinative structures following Turvey (1977, 1990) and Bernstein 
(1967). Such groupings are considered necessary to understand how speakers 
manage the potentially very large number of degrees of freedom in the vocal 
apparatus (Kelso, Saltzman, and Tuller 1986). Moreover, coordinative structures 
form the substrate for the spatial tradeoffs characteristic of motor equivalence 
(Perrier and Fuchs, this volume, Chapter 11).

For the particularly well‐researched lip‐jaw complex considerable evidence has 
been found for consistent interarticulatory timing patterns. For lip closing move-
ments the typical pattern has been for peak velocities to occur in the temporal 
order (1) upper lip, (2) lower lip, (3) jaw (e.g., Gracco 1988). The tightness of the 
coordination is generally more precise for oral closure than for oral opening 
(Gracco 1988; Kollia, Gracco, and harris 1995). This variation in tightness of 
coordination provides one example of the observation that movements into and 
out of a constriction are quite asymmetric, which in turn has led to the proposal 
that the closure and opening phase of a gesture are best modeled as separately 
controlled movements (Browman 1994; nam 2007; harrington, Fletcher, and 
Roberts 1995).

Interarticulatory coordination can also be influenced by the precise identity of 
the target sounds even when the articulators involved are basically the same. For 
example, Mooshammer, hoole, and Geumann (2006) looked in particular at the 
influence of manner of articulation on tongue‐jaw coordination. The results 
showed a substantial degree of consistency in that the jaw almost always reached 
its target position for the consonant later than the tongue tip. The more interesting 
feature of the results came from some subtle but consistent timing differences bet-
ween the consonants: the sibilants showed a symmetrical tongue‐jaw coordination 
pattern, meaning late location of jaw target onset and early location of jaw target 
offset within the encompassing tongue target phase. In contrast, the voiceless plo-
sive /t/ showed an asymmetrical pattern with very late attainment of the jaw 
target, but also a late location of jaw target offset close to tongue target offset. 
These differences in coordination can be readily understood in terms of the differ-
ent aerodynamic and acoustic requirements of the sounds involved. The sibilant 
fricatives require a stable, high position of the jaw centered on the oral constriction 
phase in order to ensure generation of turbulence. The critical location for voice-
less plosives is at the release of the constriction where a high jaw position can help 
to support a salient burst. Interestingly, for other consonants (e.g., voiced plosive, 
nasal, lateral), where none of these constraints so obviously apply, Mooshammer 
et al. found more variability (i.e., not such a clear preference) for either the sym-
metrical or asymmetrical timing pattern. These results indicate that, in spite of 
stable timing patterns for many multi‐articulator constriction gestures, these pat-
terns are not totally stereotypic. Instead, they can be modulated to fulfill differing 
aerodynamic and acoustic demands.

Given that speech motor control obviously exhibits a whole range of very pre-
cise timing relationships, a question arises as to the most appropriate framework 
in which to express these relationships.
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one answer is simply based on what kinematic measures exhibit the most stable 
patterns. For example, various studies have suggested that timing relationships 
expressed in terms of the time‐points of peak velocities are more stable than posi-
tion‐based ones, such as attainment of target position (see Kollia et al. 1995, for 
discussion).

A more controversial answer is that temporal invariance in coordination pat-
terns can be captured using a phase‐plane representation. For example, when 
cyclical movements of the jaw are plotted with velocity as a function of position 
then a roughly circular pattern in this two‐dimensional representation is traced 
out. Characteristic time‐points in the movement of another articulator, such as the 
lip, can then be expressed as an angle in this plane (see, e.g., Kelso et al. 1986; 
nittrouer et al. 1988, for more details on procedures). The original hypothesis, 
based on other work in motor control and the characterization of dynamic systems 
(Kelso et al. 1986) was that stability in interarticulatory timing might express itself 
as a phase‐angle that remains constant over manipulations such as stress and rate. 
however, the balance of later work indicates that systematic changes in phase‐
angle probably occur (e.g., nittrouer et al. 1988 and Shaiman, Adams, and 
Kimelman 1995, for lip‐jaw; nittrouer 1991, for tongue‐jaw).

7.2.2 Multiple articulators for multiple gestures
In this section we first compare the degree of interarticulator cohesion within 
versus between gestures, then move on to look at effects of syllable position on 
multiple‐gesture segments, and then at within and cross‐language patterns of 
laryngeal‐oral coordination.

7.2.2.1 Inter‐ vs. intragesture cohesion With regard to the degree of interartic-
ulator cohesion within versus between gestures, we can return to Kollia et al. 
(1995). This paper takes as its point of departure the many findings on interar-
ticulator coordination for the lip‐jaw complex and integrates velar movement 
into the analyses. The question then asked is: how cohesive is the interarticula-
tor timing for lip‐velum or jaw‐velum (for example during lip closing and 
velum closing for /b/) in comparison to the intragestural lip‐jaw case dis-
cussed in the previous section? Kollia et al. found that for the two closing 
movements associated with /b/ in the sequence /mabnab/, intergestural 
(velum‐jaw, velum‐upper lip) cohesion was clearly weaker than intragestural 
cohesion when estimated from time‐points of peak velocities. however, the 
interpretation of this result is not entirely straightforward since velar raising is 
probably influenced not only by the /b/ but also, if only weakly, by the pre-
ceding /a/. Thus, intergestural cohesion may have an inherently more com-
plex and variable velocity profile than intragestural cohesion. Support for this 
interpretation comes from the fact that, when the analysis was based on peak 
position rather than peak velocity timing, the intragestural advantage was 
much less evident, albeit the correlations were overall weaker when based on 
peak positions (peak velar position in this sound sequence is more easily 
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attributed to a single segment than is peak velocity). By contrast, for the oral 
and velar opening movements in the /bna/ part of the sequence, the peak 
velocity that referenced velum‐jaw coordination suggested tighter cohesion 
than for jaw‐upper lip coordination. A transition such as that from /b/ to /n/ 
is probably a good example of where tight intergestural coordination is required 
and possible. Kollia et al. also suggest that compared to peak positions “peak 
velocity relations may be more illustrative of critical or constrained timing 
relations” (1323).

A study by Gracco and löfqvist (1994) followed a somewhat similar approach 
to that of Kollia et al. (1995), but focused on the intergestural coordination of oral 
and laryngeal movements. Specifically, they looked at the temporal cohesion of 
jaw lowering and glottal closing in the movement from /s/ to the vowel in words 
like “supper,” and of lower lip raising and glottal opening from the vowel to /p/. 
At a gross level of analysis, timing patterns showed evidence of stable organiza-
tion in both cases. The time‐point of peak glottal closing velocity always preceded 
peak jaw lowering velocity, while the time‐point of peak lip raising velocity 
always preceded peak glottal opening velocity. When detailed correlation 
analyses were used to assess temporal cohesion between gestures, it emerged that 
correlations between oral and glottal time‐points were noticeably lower for the 
oral opening movements. At first glance, this suggests a similar intergestural 
pattern of coordination to the intragestural pattern of coordination already noted 
above (less cohesion for oral opening movements, section 7.2.1). however, the 
authors emphasize that the intergestural cohesion level they found was remark-
ably high compared to results reported in other studies for intragestural lip‐jaw 
coordination in opening movements (intergestural cohesion is typically lower 
than intragestural cohesion, Saltzman et al. 1998, 2000). Assessment of the 
conclusion is not entirely straightforward, though, because Gracco and löfqvist 
did not explicitly measure lip‐jaw cohesion in their study. nevertheless, the 
results may indicate that intergestural cohesion can be as high as that involved in 
forming a single constriction.

7.2.2.2 Influence of syllable position on multi‐gesture segments We will first con-
sider the effects of syllable position on multi‐gesture segments with respect to the 
coordination of the oral and velar gestures in nasal consonants. These particular 
multi‐gesture segments have been the object of some clear and influential results 
with respect to syllable position. They thus provide a good starting point for dis-
cussing generalizations in interarticulatory coordination for a much wider range 
of multi‐gesture segments. liquids have also been a particular focus in studies that 
investigate the effect of syllable position on interarticulatory coordination. In fact, 
liquids might be construed as the tip of an iceberg consisting of everything that 
would fall under the traditional phonetic terms of secondary and double 
articulation.

In an influential paper, Krakow (1999) reports results from an investigation into 
the coordination of lips and velum in the nasal /m/ in American English. Critically, 
she also embedded the empirical work in a wide‐ranging review of articulatory 
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evidence for syllabic structure. The basic timing result for lip‐velum coordination 
was that in syllable‐initial position the velum and the lower lip moved more or 
less in synchrony. That is, the end of the velar lowering movement for /m/ roughly 
coincided with the beginning of the lip‐raising movement for the oral closure. In 
contrast, in syllable‐final position, the velar movement was timed much earlier. 
Specifically, the end of the velar lowering movement roughly corresponded to the 
beginning of the lip closing movement. This basic timing pattern was recently con-
firmed by Byrd et al. (2009), who also gave an interesting overview of how the 
coupling relations among the articulators could be modeled.

Given Krakow (1999) and Byrd et al.’s (2009) results, it is quite clear that syllable 
position can have striking effects on articulatory coordination. The much more dif-
ficult issue is the extent to which such findings are generalizable from lip‐velum 
coordination to other patterns of interarticulatory coordination. Both Byrd et al. 
and Krakow make the link to other multi‐gesture segments. Byrd et al. formulated 
the link as follows:

Strikingly, there appear general parallels (see also Browman and Goldstein, 1992; 
Krakow, 1999) in the effect of syllable structure on nasals, glides, and liquids – namely, 
that in onset position the primary oral constriction gesture target precedes or is 
synchronous with the secondary (non‐primary constriction) gesture target (i.e., the 
pharyngeal gesture for [r], dorsal for [l], or velum for nasals), whereas in coda, the 
secondary gesture target occurs far earlier, during the preceding vocalic nucleus.

(2009: 98)

however, one could ask whether these “parallels” are not just a fortuitous coin-
cidence of specific properties of certain sounds in a particular dialect of English. 
For example, the fact that English has no contrastive vowel nasalization may allow 
early velar lowering before the post‐vocalic nasal, which then just happens to meet 
a preferred timing pattern for dark /l/. Certainly, it is not obvious to us that it is 
attractive to regard the velar gesture for /m/ as “secondary” in the same sense as 
velarization for dark /l/ (or as “wider” as suggested in Browman and Goldstein 
1995: 25). In particular, there do indeed seem to be well‐documented differences in 
the timing of nasals across languages. French (Cohn 1993) and the Australian 
aboriginal language Arrernte (Butcher 1999) both show synchronous coordination 
of the oral and velic constrictions in both onset and coda. In the case of French, this 
could be explained by the need to maintain a difference between oral and nasal 
vowels, as these constitute phonologically contrastive units. Arrernte, on the other 
hand, has no oral‐nasal vowel contrast. Cross‐linguistic variety in the coordination 
patterns for the multiple lingual gestures has also been reported for liquids by 
Gick et al. (2006), as discussed in more detail below. These cross‐language differ-
ences underscore a fact which will come up again in section 7.3; namely, that of 
systematic language‐specific differences in articulatory organization.

Although the range of possible patterns for liquids and other sound categories 
will be discussed in detail immediately below, it is first worth emphasizing that 
Krakow (1999) did not confine herself to the basic syllable‐initial/final contrast in 
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discussing the empirical findings. Instead, she highlighted a whole range of tim-
ing issues that the basic finding led to. For example, in considering why Cantonese 
(Wang 1995) did not show the same pattern as English, Krakow considered 
whether fast/casual speech could lead to re‐syllabification of final consonants:

In casual (or fast) speech, the pattern characteristic of the final consonant (whether /m/ 
or /l/) was subject to a shift in the direction of that for the initial consonant. It appears that 
this shift is more likely to occur when the consonant is word‐medial than ‐marginal. on 
the other hand, the syllable‐initial consonants (/m/ and /l/) remained relatively stable 
with respect to their inter‐articulator timing, regardless of the style or rate of speech.

(Krakow 1999: 43)

In this way, Krakow makes the important point that not only timing itself, but 
also the stability of timing can be position dependent: there is less stability in the 
coda (a point that will also be relevant later in coordination of segment sequences). 
The question of whether syllable affiliation is better seen as gradient or discrete is 
currently still under discussion (e.g., Scobbie and Pouplier 2010: 252).

let us now consider a wider range of multi‐gesture segments. A good point of 
departure is the extensively cited paper of Sproat and Fujimura (1993) on the com-
ponent gestures of American English /l/ (extensive discussion in Krakow 1999, 
who also reproduces one of the main figures). In many dialects of English, /l/ is 
considered light in onsets and dark in codas. The assumption is that the latter allo-
phone involves an additional gesture of the dorsum, traditionally referred to as 
velarization. note, though, that recent work claims that liquids are generally com-
posed of two gestures (see Proctor 2011: Recasens 2012). In the variety of American 
English investigated by Sproat and Fujimura, there was clear dorsal activity for the 
onset /l/s as well. The striking finding, if /l/ is regarded as inherently multi‐ges-
tural, is that the gestural timing showed a very clear dependence on position of 
/l/ in the syllable. Target achievement for the dorsal movement tended to precede 
target achievement for the apical movement in final position, but to follow it in 
initial position. If we consider the dorsal component of /l/ articulation a vocalic 
gesture, then we might regard the positional effect as one in which the vocalic 
gesture is attracted toward the syllable nucleus while the consonantal apical 
gesture is associated with the syllable margin.

Browman and Goldstein (1995) looked at the pattern of multi‐gesture 
coordination for /l/ as synchronous in initial position and asynchronous in final 
position. They pointed to the fact that in Sproat and Fujimura’s (1993) data the 
amount by which the dorsum led the tip in final position was greater in absolute 
terms than the amount by which it followed the tip in initial position (averaged 
over subjects about 60ms vs. 30ms).

In addition to illustrating effects of syllable position, Sproat and Fujimura’s 
(1993) data illustrate very elegantly how the timing for syllable final laterals can 
vary over a whole continuum of values depending on the segmental and prosodic 
context. This variation probably represents a syllable‐related timing feature that 
goes well beyond laterals and nasals.
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We indicated above some general reservations about regarding the velar gesture 
in a nasal and the dorsal gesture in a liquid as somehow similar in status (e.g., 
secondary, more open). To this general reservation, one could now add the obser-
vation that the dorsal gesture for dark /l/ in English is probably not secondary in 
the same sense as, for example, palatalization in Russian or Serbo‐Croat. The 
dorsal component of /l/ is very often much more resistant to reduction than the 
coronal component (cf. Scobbie and Pouplier 2010). It is also important to realize 
that the gestural constellation referenced in Sproat and Fujimura’s (1993) investi-
gation is probably just one of quite a large number of possibilities that could be 
found for liquids within and across language. Consider, for example, languages 
with a dorsal retraction gesture only in final position (e.g., two speakers of Quebec 
French in Gick et al. 2006), or only a clear /l/ with a raised tongue body or poten-
tially no secondary gesture at all (e.g., German, Romanian: Marin and Pouplier 
2014; Recasens, Fontdevila, and Pallarès 1995), or a dorsal gesture both initially 
and finally but timed synchronously with the coronal gesture in both positions 
(two speakers of Serbo‐Croat, Gick et al. 2006). The latter case is particularly inter-
esting because of the presence of palatalization in the Serbo‐Croat sound system. 
The Serbo‐Croat /l/ investigated by Gick et al. was the non‐palatalized liquid. The 
presence of a palatalized variant might lead to constraints on interarticulatory 
coordination. unfortunately, little about the effects of secondary articulations on 
intergestural coordation is currently known (but see Zsiga 2003, on a timing 
comparison of English and Russian).

In point of fact, “classical” secondary articulations like palatalization have 
indeed themselves hardly been investigated in terms of interarticulatory 
coordination. A rare exception to this generalization is a study by Kochetov (2006). 
Kochetov examined the labial and dorsal gestures for Russian /pj/ in initial and 
final position (also comparing it with the phonemic sequences /pj/ and /jp/). As 
in the studies discussed above there was an effect of syllable position. Moreover, 
the general direction of the effect was the same in the sense that the dorsal gesture 
was timed earlier relative to the labial gesture in final position compared to initial 
position. however, there was also one substantial difference: the gestures were 
more synchronous in final than initial position. Kochetov raised the important 
issue of gestural recoverability as a constraint on interarticulatory timing. For 
initial /pj/ the observed slight delay of the dorsal gesture relative to the labial 
gesture is advantageous in ensuring firstly that the dorsal gesture is not com-
pletely obscured by the more anterior, more constricted labial gesture, and also 
that it contributes to probably very salient perceptual differences in the burst prop-
erties of palatalized vs. non‐palatalized /p/. The notion of perceptual recover-
ability will also be a major issue in our discussion of segment sequences below.

Russian is actually a very interesting language for investigating recoverability 
constraints because, as Kochetov’s (2006) data show, the dorsal component of /
pj/ cannot be delayed to such an extent as to lead to confusion with /pj/. Kochetov 
suggests that the syllable‐position‐dependent timing pattern for /pj/ is more 
similar to findings of Gick (2003) for the English approximant /w/ than most of 
the nasal and liquid findings outlined above (the approximant also showed 
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greater asynchronicity in initial than final position). once again we would be 
inclined to not push any parallels too far because of the controversial phonolog-
ical status of coda /w/ in English. however, the case of /w/ does provide a con-
venient link to a further gap in our understanding. If /w/ is regarded in traditional 
terms as a labial‐velar double articulation, then one might ask whether it has any 
similarities in timing with the only other doubly articulated consonant of appre-
ciable frequency, namely the corresponding plosive /kp/ (not found in English, 
of course, but quite common in West African languages). here the current balance 
of evidence would seem to be that the labial component is timed slightly later 
than the dorsal component (see in particular ladefoged and Maddieson 1996: 
338). This is the opposite pattern to that found by Gick for /w/ in initial position. 
But this comparison must be seen as tentative in the extreme because to our 
knowledge articulatory timing for /w/ and /kp/ has not yet been compared 
within the same language.

As for avenues for future research in this area, one sound that is likely to attract 
increasing attention is American English /r/. This sound is a classic case of a 
multi‐gestural segment, but most likely with three constrictions (labial, palatal, 
pharyngeal). Timing investigations into the articulation of this sound have been 
difficult until recently because the pharyngeal component is not observable with 
traditional tools, such as electromagnetic articulography (EMA). But with the 
increasing availability and frame‐rates of ultrasound and real‐time MRI, this 
situation is clearly changing (see, e.g., Campbell et al. 2010). In spite of the recent 
availability of techniques that can be used to study American English /r/, we 
would like to suggest that it might be more fruitful to focus on secondary articula-
tions of the traditional type exemplified by Kochetov’s (2006) investigation. The 
reason for this is that secondary articulations are extremely pervasive and linguis-
tically rich whereas American English /r/ (and perhaps its Mandarin counterpart) 
is a genuinely exotic sound (even if a large number of speakers happen to have it 
in their repertoire).

7.2.2.3 Laryngeal‐oral coordination for single segments The combination of plosive 
articulation with the laryngeal abduction‐adduction movement illustrates partic-
ularly well how intimately interarticulatory timing is bound up with linguistic 
distinctions. By varying the timing of the glottal gesture from early to late, one can 
move through the categories voiceless pre‐aspirated, voiceless unaspirated, voice-
less aspirated, and voiced aspirated. Cross‐linguistically, less use seems to be made 
of the pre‐aspirated category than of the other three categories, even though it is a 
well‐known feature of Icelandic (see hoole and Bombien 2010, for recent data and 
discussion). hindi is an example of a language that contrasts voiceless unaspi-
rated, voiceless aspirated, and voiced aspirated (plus normal voiced) stops. 
Accordingly, several studies on hindi that have used fiberoptics and transillumi-
nation provide convenient illustrative material of the timing relationships bet-
ween glottal and oral gestures (e.g., Kagaya and hirose 1975: Figure 1; Benguerel 
and Bhatia 1980: Figures 1–2; dixit 1989: Figures 1–4). of course, the timing rela-
tionships are not all that is different across these three categories. For example, the 
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voiceless aspirated category generally has a longer, larger movement than the 
other two; the voiced aspirated category is also striking for the particularly strong 
suppression of cricothyroid activity (cf. dixit and Macneilage 1980). nonetheless, 
appropriate timing is clearly a key feature of the distinction between the voiceless 
unaspirated, voiceless aspirated, and voiced aspirated categories.

of course, undoubtedly the single most famous index of interarticulatory 
coordination of any kind is the Voice onset Time (VoT) measure introduced in 
lisker and Abramson’s (1964) seminal work. Because it can be conveniently mea-
sured in the acoustic signal, it has found widespread use not only as a measure of 
language differences, but also to investigate the development of timing skills in 
first and second language acquisition (e.g., lowenstein and nittrouer 2008; Flege 
et al. 1998) and the disintegration of coordinated behavior in speech pathology 
(e.g., hoole, Schröter‐Morasch, and Ziegler 1997; Ackermann and hertrich 1997; 
Auzou et al. 2000). Although we will not attempt to review the vast literature on 
VoT, we will look briefly at one specific VoT‐related issue where instrumental 
data of laryngeal kinematics is particularly relevant: this is the common finding 
that VoT varies fairly systematically with place of articulation in plosives, with 
VoT for /p/ generally being shorter than /t, k/ (for reviews see, e.g., docherty 
1992; Cho and ladefoged 1999).

VoT variation as a function of place of articulation is an interesting case study 
in interarticulatory coordination. one simple explanation for a shorter VoT in 
/p/ is that the later oral release relative to the glottal abduction‐adduction cycle 
falls out passively from differences in occlusion duration, since it is also well 
known that /p/ tends to have a longer oral occlusion phase. Evidence has indeed 
been found in the literature that the duration of the interval from peak glottal 
opening to release of the plosive is inversely related to the duration of the occlu-
sion (e.g., Jessen 1999; further data and review in hoole 2006; hoole and Bombien 
2014), but this may not be the only explanation for longer VoT in /t/ than /p/ 
since there is also evidence that the duration of the glottal gesture is not constant 
over all places of articulation, and a longer glottal gesture duration may in some 
cases also contribute to longer VoT in /t/. nevertheless, speakers and languages 
may try to get as much mileage as possible out of a fairly constant duration of the 
glottal abductory‐adductory cycle (cf. Weismer 1980; Shipp 1982); for example, 
there appears to be a cross‐language tendency that long aspiration phases are 
associated with short occlusion phases and vice versa (hutters 1985; recently 
Bombien and hoole 2013), and the occlusion duration of voiceless fricatives is 
typically longer than that of aspirated voiceless plosives (fricatives are normally 
neither pre‐ nor post‐aspirated).

We close this section on laryngeal‐oral coordination with a brief look at differ-
ences across manner of articulation, specifically plosives vs. fricatives. here the 
timing of the start of glottal abduction is of more interest than the timing of peak 
glottal opening since the latter, as just seen, is mainly conditioned by the control of 
aspiration for plosives, so plosives and fricatives differ radically but trivially in 
many languages. It turns out that an earlier onset of glottal abduction for fricatives 
(relative to the formation of the oral occlusion) is an extremely stable feature of 
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interarticulatory coodination. For example, it is a consistent feature of the many 
early studies on a variety of languages conducted by löfqvist and colleagues (e.g., 
löfqvist and Yoshioka 1984; löfqvist and McGarr 1987) and is probably the most 
consistent timing pattern in extensive data for German (hoole 2006; hoole and 
Bombien 2014). The stability of this relationship is probably because resistance to 
airflow at the glottis must be reduced quickly and early in the occlusion phase for 
fricatives in order to allow sufficient air‐pressure build‐up to drive the noise 
source. This is in contrast to plosives, where precise control of the aerodynamic 
conditions is probably more critical at the release rather than at the formation of 
the occlusion.

7.3  Coordination of multiple articulators 
for multiple segments

In this section, we will focus on the articulatory coordination of multiple gestures 
over longer extents of time, resulting in the articulation of successive segments. As 
before, we will subdivide the present section with respect to the coordination of 
supraglottal articulators (7.3.1) versus laryngeal‐oral coordination (7.3.2).

7.3.1 Supraglottal coordination for multiple segments
First, we will address consonant‐consonant (CC) and consonant‐vowel (CV) tim-
ing, which brings us again into the realm of the syllable since the timing of succes-
sive segments is to a significant degree determined by syllabic structure. In keeping 
with the Articulatory Phonology framework adopted in this chapter, our focus in 
this discussion will be the Coupled oscillator Model of Syllable Structure (CoMS), 
which is described more completely in Goldstein and Pouplier (2014). We will also 
consider how timing that is conditioned by syllable position interacts with other 
factors known to affect CC timing, such as voicing and place of articulation.

In the previous section, we noted that, at least in English, the multiple, segment‐
internal gestures of liquids and nasals show differential timing patterns in syllable 
onset and coda position: in onset position the target plateaus of the two gestures 
are timed to coincide, in coda position the gestures occur more sequentially, and 
the earlier gesture overlaps substantially with the vowel. The coda timing pattern 
leads to an audible vowel darkening/rhotacization in case of liquids and vowel 
nasalization in the case of nasals. Importantly, these effects truly pertain to the syl-
lable, as shown in Krakow (1993). Specifically, she found that the intervening syl-
lable boundary prevents early lowering of the velum during the preceding vowel 
in the case of see$me compared to seem$E.

The observations about the differential timing of segment‐internal gestures in 
onset and coda position have been the basis for the Articulatory Phonology model 
of syllable structure, namely, CoMS (Browman and Goldstein 1988, 2000; 
Goldstein, Byrd, and Saltzman 2006; nam et al. 2009; Kelso et al. 1986). In this 
model, syllabic organization is hypothesized to emerge from the specific coupling 
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relationships between consonants and vowels. In onset position, each consonantal 
gesture is coupled in‐phase to the vowel and anti‐phase to the other onset 
consonant(s), if present. In coda position, VC and CC coupling is exclusively anti‐
phase. Thus, for onsets, the temporal midpoint of the onset cluster as a whole (i.e., 
the “c‐center”) maintains an invariant timing relationship to the vowel, irrespec-
tive of how many consonants the onset comprises. Coda clusters, on the other 
hand, form a “chain” rather than a “loop” (for more details, see Goldstein and 
Pouplier 2014). Modeling studies support the hypothesis that the difference in 
underlying coupling topology gives rise to the known differences in (C)CV versus 
VC(C) timing (nam and Saltzman 2003). however, we have already seen in the 
case of liquids and nasals that the assumption of strictly anti‐phase coupling for 
codas is probably not tenable cross‐linguistically. Accordingly, more recently, the 
postulate that languages only ever make use of in‐phase and anti‐phase coupling 
relationships has been relaxed somewhat such that the notion of an eccentric phase 
has been used to characterize any phase relationships other than an in‐phase rela-
tionship (see, e.g., Goldstein and Pouplier 2014).

Whereas much of the work on CV timing goes back to the pioneering studies on 
coarticulation by Öhman (1966, 1967) and Kozhevnikov and Chistovich (1965; for 
an overview of theories and data on coarticulation see Farnetani and Recasens 
2010), empirical support for the CoMS hypothesis that onsets are characterized by 
in‐phase coupling between a consonant and vowel comes from a study on 
American English by löfqvist and Gracco (1999), who showed that in simple 
consonant‐vowel syllables with bilabial stops the lip movements for the bilabial 
closure and the tongue movements for the vowel constriction are initiated approx-
imately synchronously (within 25 ms of one another, across speakers and vowel 
contexts). Similar data have been reported for Catalan, German, and Italian (Mücke 
et al. 2012; niemann et al. 2011).

As for onset clusters, the c‐center timing pattern described by CoMS has been 
by and large confirmed for a variety of languages: English (nam et al. 2009; Marin 
and Pouplier 2010), French (Kühnert, hoole, and Mooshammer 2006), Georgian 
(Goldstein, Chitoran, and Selkirk 2007), Italian (hermes, Mücke, and Grice 2013), 
Mandarin (Gao 2008), German (Pouplier 2012), and Romanian (Marin 2013). Yet 
exceptions to the general rule have also been reported. Romanian and Georgian 
may serve here to illustrate cases in which other factors seem to partly override 
syllable position‐specific timing effects. We will also briefly discuss Slovak, which 
has been reported to not follow a c‐center timing pattern at all.

With respect to Romanian, there are two exceptional patterns which we will 
consider here, one concerning onset clusters (Marin 2013) and the other one liq-
uids in coda position (Marin and Pouplier 2014). Firstly for onsets, Marin has 
found that clusters fall into two groups: s‐initial clusters (/sp, sk, sm/) adhere to 
the c‐center pattern, while stop‐initial clusters (/kt, kn, ks, ps/) are timed in a 
fashion more akin to sequential coda‐timing, contrary to the predictions of CoMS. 
one factor which separates the two groups is lexical frequency, with the latter 
group being of low lexical frequency (borrowings from Slavic or Greek). Marin 
hypothesized that there may be a causal relationship between a low lexical 
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frequency and the lack of a complex c‐center coupling topology. Specifically, she 
hypothesizes that the “default” onset pattern only emerges with sufficient learning 
and that low lexical frequency items are in fact not produced as complex onsets. 
The precise coupling topology that best describes the Romanian pattern will have 
to be addressed on the basis of modeling studies.

The other exceptional pattern in Romanian concerns the timing of liquids in 
coda position. Marin and Pouplier (2010) had earlier confirmed the predictions of 
CoMS for American English codas with the exception of liquids (/‐lk, ‐lp/; see 
also Katz 2012). These liquid + plosive clusters failed to exhibit the sequential tim-
ing pattern predicted by CoMS; the surface timing measurements were more in 
line with what is expected for onsets (vowel shortening or increasing vowel 
overlap with increasing syllable margin complexity). Pouplier (2012) came to the 
conclusion that this might be related to the strong velarization of English /l/ (see 
above), with the dorsal gesture having a close affinity to the nucleus. This 
conclusion was motivated in part by data showing that German /l/ is not velar-
ized, in contrast to American English /l/, and indeed German coda /l/ clusters 
behaved exactly as predicted by CoMS in terms of strictly sequential timing 
(Pouplier 2012). however, Marin and Pouplier (2014) compared the English and 
German pattern to Romanian, which, like German, does not have a velarized /l/ 
and should therefore be expected to be similar to German. Indeed Romanian coda 
/l/ clusters behaved like German, yet Romanian coda /r/ clusters patterned with 
American English /l/ in terms of a more onset‐like timing pattern. The Romanian 
rhotic is realized as a trill. Trills are produced with a dorsal constriction similar to 
the one for velarized /l/ (Proctor 2011; Recasens 2013) therefore Marin and 
Pouplier point out that this “special” timing pattern seen in American English 
dark /l/ (and /r/, Katz 2012) and Romanian /r/ may simply be a measurement 
issue since the measures performed in these studies do not take the dorsal gesture 
into account. They argue that the temporal characteristics of the timing gesture 
was a confounding factor in previous analyses, in terms of the duration of the 
velar gesture itself as well as in terms of possible intergestural timing change bet-
ween dorsal and tongue tip gesture in clusters. Relatedly, Gick et al. (2006) found 
for the intrasegmental organization of liquids across languages, and suggest that 
the unexpected diversity in timing may be part of arbitrary, grammatical param-
eter settings that languages display. This study points to the possibility that lan-
guage‐specific timing differences for the multi‐gesture segments may interact with 
syllable‐position specific timing relations.

due to the greater degrees of freedom inherent in the CoMS for codas (less cou-
pling relations are specified) there may also be a greater potential for language‐
specific effects to emerge in coda position compared to onset position. That said, 
onset clusters also show considerable variation in timing patterns. For example, 
Georgian onset clusters present another exception to the basic CoMS pattern. This 
Caucasian language has come to be known for a place order effect, first described 
by Chitoran, Goldstein, and Byrd (2002) and Chitoran and Goldstein (2006). 
Chitoran and colleagues found that the relative order of place of articulation of the 
two consonants of a cluster is a significant determinant of articulatory timing. In 
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Georgian, onset clusters with place of articulation ordered from front‐to‐back, such 
as in /bg/, show more overlap than corresponding back‐to‐front clusters (here: /
gb/). The place‐order effect also exists in other languages (French: Kühnert et al. 
2006; German: Bombien et al. 2010, Pouplier 2012; Korean and Russian: Kochetov, 
Pouplier, and Son 2007; Moroccan Arabic: Gafos et al. 2010). Importantly, there is 
some evidence that global onset coordination for these two cluster types is not the 
same, with back‐to‐front onset clusters deviating from the CoMS pattern (Goldstein 
et al. 2008), although a systematic analysis is missing. Yet there is still another layer 
of complexity. For example, Gafos et al. (2010) argued, on the basis of data from two 
Moroccan Arabic speakers, that the emergence of a place‐order effect may be 
speaker‐specific and may vary with the degree of consonantal overlap characteristic 
for a given speaker. They assume that timing patterns with inter‐speaker variability 
are not part of the phonological plan, and that only consistent speaker behavior 
(e.g., overlap in homorganic vs. heteroganic clusters) should be taken as an index of 
phonologically controlled timing. With respect to the place‐order effect, Gafos et al. 
suggested that is not phonological and emerges only if overlap impacts on percep-
tibility. For speakers who time their consonants far enough apart, the consonants 
will be recoverable in either order. however, their argument for a perceptual basis 
to the place‐order effect is not uncontroversial (Kühnert et al. 2006; Chitoran and 
Goldstein 2006), and given that their study comprises only two speakers, it awaits 
further corroboration. Along these lines, it should also be noted that the word‐
initial Moroccan Arabic consonant sequences of the Gafos et al. study probably do 
not form onset clusters (Shaw et al. 2009), in contrast to the unequivocally tautosyl-
labic status of these word‐initial clusters in Georgian.

But there is more to cluster timing than place order. For example, Bombien and 
colleagues (Bombien, Mooshammer, and hoole 2013; Bombien et al. 2010; hoole et 
al. 2013) have shown for German data that even within the same place order, there 
may be systematic differences in overlap. For example, the onset cluster /kn‐/ 
shows less CC overlap compared to /kl‐/ even though both are back‐to‐front clus-
ters. like Gafos et al. (2010), Bombien and colleagues assumed that perceptual 
constraints, driven in turn by the aerodynamic requirements of each specific sound 
in the cluster, can govern cluster timing. unfortunately, the relationship between 
onset cluster and vowel was not investigated so we do not know whether the dif-
ferent timing patterns result in different coordination patterns with the vowel 
analogously to the Georgian place‐order effect.

Another factor known to affect CC overlap is voicing. Bombien and hoole 
(2013) investigated how CC timing differs in French and German as a function of 
the voicing specification of C1 (cf. Pouplier 2012 for an interaction of voicing and 
place order in German). When C1 is voiced in a C1C2 onset cluster, the consonants 
show more overlap for German. French clusters, however, are consistently similar 
to the German voiceless pattern, irrespective of the voicing status of C1. This is 
quite surprising given that voiced stops in French have negative VoT, while in 
German voiced stops are rather voiceless unaspirated.

The cross‐language variation in timing patterns described above strongly sug-
gests that languages differ systematically in how much they allow their consonants 
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to overlap (Kochetov et al. 2007; Cho, this volume, Chapter 22; Zsiga 2003). If this is 
the case, then one might expect that the timing patterns described by CoMS interact 
with language‐specific patterns. Pouplier and Beňuš (2011) made this suggestion in 
the context of Slovak timing in syllables with syllabic consonants.

Slovak is a language in which word onset clusters that are phonologically ana-
lyzed as true tautosyllabic onset clusters nonetheless fail to exhibit the c‐center 
pattern predicted by CoMS. This may be related to the fact that Slovak allows for 
syllabic consonants (e.g., smrt, “death”). Pouplier and Beňuš (2011) present data 
showing that syllables with a consonantal nucleus are generally timed differently 
from syllables with a vocalic nucleus, which suggests that in‐phase coupling bet-
ween onset and nucleus may only be possible at all if the nucleus is a vowel: Slovak 
C‐C onset nucleus sequences were found to be less overlapped than C‐V onset 
nucleus sequences. It could be that this difference emerges as follows. When onset 
consonant and vowel sequences are timed synchronously at movement onset, the 
vowel will extend temporally beyond the consonant, due to the slower movement 
parameterization of vowels compared to consonants. When the nucleus is a 
consonant, there is no such asymmetry in movement dynamics between onset and 
nucleus, therefore in‐phase coupling would endanger perceptual recovery.

The Slovak data once more underscore the reality of considerable language‐
specific effects in intersegmental timing. These effects have led to the proposal that 
Articulatory Phonology be incorporated into a formal phonological model such as 
optimality Theory (Prince and Smolensky 2008), in order to be able to formalize 
the arbitrary choices that languages make with respect to articulatory timing (for 
work in this area see Gafos 2002; Gafos and Beňuš 2006; davidson 2006). This 
modification would also allow us to formalize in a predictive fashion how percep-
tual constraints may impact articulatory timing, even though much more experi-
mental work is required to uncover this relationship.

There have been only a few other concrete suggestions to date how to modify 
the basic assumptions of CoMS in order to capture the range of empirically 
observed timing relations across speakers and languages. With respect to inter‐
speaker variability, Goldstein et al. (2008) suggested that such variability is due to 
variations in coupling strength and/or articulator weights. For instance, they 
argued that sequential onset effects could arise in a C1C2V sequence when C1 is 
less tightly coupled to the vowel compared to C2 in a particular speaker’s produc-
tion. This kind of speaker‐to‐speaker variation is seen as a natural by‐product of a 
self‐organizing system, and is therefore not phonological. With respect to cross‐
language variability, Browman and Goldstein (2000) suggested that anti‐phase 
V‐C coupling in coda may be generally weaker than in‐phase C‐V coupling in 
onset, and discuss the incorporation of coupling strength as a means to think about 
the phonological notion of syllable weight in gestural terms (see also nam 2007). 
Arguably, it also provides a basis for the kind of language‐specific effects we saw 
for liquids to emerge in coda position. Also, on the topic of cross‐language vari-
ability in timing relations, there are the cases of timing differences between cluster 
types, such as the already mentioned place order effect, which is phonologically 
relevant in Georgian (see Chitoran et al. 2002). Goldstein et al. (2008) proposed that 
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the back‐to‐front and front‐to‐back clusters are differentiated in Georgian by the 
coupling of the consonantal release gesture. For a front‐to‐back cluster, only the 
closure, but not the release gestures of C1 in a C1C2 are coupled in‐phase to the 
vowel, resulting in more overlap compared to back‐to‐front clusters in which it is 
the release of C1 and closure of C2 that are coupled in‐phase to the vowel.

Another route to achieve a greater variety of coupling topologies is discussed by 
Goldstein et al. (2008) in the context of English /l/. The proposal is that “secondary” 
gestures (our reservations about this term have already been expressed above) such 
as the tongue body gesture of English /l/ may not be directly coupled to the vowel. 
In that case, only the tongue tip gesture would bear a direct relation to the vowel 
(in‐phase coupling), the tongue body gesture would be linked to the tongue tip 
gesture only. note that this proposal arguably acknowledges the segment as a unit 
of speech production, a topic on which there has been little consensus among 
Articulatory Phonology proponents (see for discussion Browman and Goldstein 
1986; Saltzman and Munhall 1989; Byrd et al. 2009; hoole 2006).

overall, the detailed ramifications of the various proposals for modifications to 
the basic CoMS model will have to be worked out by modeling studies in 
combination with more comprehensive datasets, but the list of factors affecting CC 
and CV timing is long, and we have covered only a few. Moreover, language‐
specific temporal settings can be expected to interact with basic CoMS patterns in 
a complex fashion.

In concluding this section, we would like to point out that higher‐order pro-
sodic boundaries, such as feet or prosodic words, likewise have an effect on artic-
ulatory organization. There is, however, relatively little work on articulatory 
coordination in this area. The interested reader is referred to, among others, Cho 
(2006), Saltzman et al. (2008), Byrd and Choi (2010), hoole et al. (2008), and Tilsen 
(2009). There are also effects of stress on interarticulatory and intergestural organi-
zation. Relevant studies on these effects include de Jong, Beckman, and Edwards 
(1993) and harrington et al. (1995). Finally, there is recent work on tonal alignment 
and its effects on the c‐center timing pattern of the supralaryngeal articulators. The 
interested reader is referred to Gao (2008) and Mücke et al. (2012).

7.3.2 Laryngeal‐oral coordination for multiple segments
In this section we will look briefly at two areas that in our opinion present inter-
esting challenges to our understanding of how laryngeal‐oral coordination rela-
tions are most appropriately specified: clusters that have a sonorant as their last 
element (e.g., /pl/); and sequences of purely voiceless consonants.

For clusters with sonorants, we will concentrate on syllable‐initial consonants, 
comparing the articulation of the cluster with that of the simple voiceless onset, for 
example, /pl/ with simply /p/. For sounds with a clear devoicing gesture, it is 
intuitively appealing to specify laryngeal‐oral coordination with respect to the 
timing of peak glottal opening. Thus, for languages like English or German, with 
clearly aspirated plosives in initial position, Browman and Goldstein (1986) for-
mulate the following two rules: (1) If a fricative gesture is present, coordinate the 
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peak glottal opening with the midpoint of the fricative. (2) otherwise, coordinate 
the peak glottal opening with the release of the stop gesture.

We have already seen in section 7.2.2.3 that some fine‐tuning of rule (2) may be 
required, in that the interval from peak glottal opening to oral release may vary 
with place of articulation. But if we start from the naive assumption that the 
devoicing gesture “belongs” to the /p/, then whether a vowel or /l/ follows the 
/p/ should be irrelevant to the timing, making any shift in the timing of peak 
glottal opening rather surprising.

In fact, there is a reasonable amount of evidence that shifts in timing of peak 
glottal opening do occur. hoole (2006) investigated quite a wide range of onsets 
that contrasted in terms of the presence or absence of an /l/ as last element (not 
just /p/ vs. /pl/, but also longer sequences such as /ʃp/ vs. /ʃpl/). Fairly consis-
tent timing differences were found, particularly when expressed as the time within 
the glottal abduction‐adduction cycle at which the release of the last non‐sonorant 
consonant in the onset occurred (i.e., the release of the /p/ in /p vs. pl/ as well as 
in /ʃp vs. ʃpl/). The shift is always in the direction of the oral release being 
relatively earlier in the glottal cycle for Cl or CCl onsets (compared to the 
corresponding simple C or CC onsets). Further evidence that such timing shifts are 
frequently – even if not invariably – present can be found in Jessen (1999), Tsuchida, 
Cohn, and Kumada (2000), and hoole and Bombien (2014).

Although it is clear from the data presented above that timing shifts occur, it is 
much less clear whether there is a single organizational principle underlying these 
shifts. For example, it is conceivable that timing shifts occur because the duration 
of the glottal abduction‐adduction movement remains essentially constant, while 
oral occlusion durations shorten in the more complex onsets with final sonorant 
(cf. section 7.2.2.3). While this pattern can indeed be found, it does not appear to 
be the only one. For example, hoole (2006) found that the laryngeal movement 
was sometimes even lengthened. Faced with a variety of movement patterns, 
hoole suggested that the unifying principle might be the acoustic goal of the 
speaker: typically, VoT is longer in the onsets terminated by a sonorant than in 
those without. Assuming that this represents planned behavior by the speaker 
(i.e., assuming that it is not purely attributable to aerodynamic conditions, cf. 
docherty 1992), then there are quite a range of laryngeal‐oral coordination pat-
terns that would fulfill this goal. Crucially, this means that coordination may then 
be better expressed in terms of fulfilling the acoustic or communicative demands 
of the onset as a whole rather than with respect to a specific segment (for a similar 
conclusion reached from a more phonological perspective see, e.g., Kehrein and 
Golston 2004). This in turn points toward an issue that is too large to deal with 
here; namely, how interarticulatory coordination is affected by the status of the 
segments and syllables within the prosodic hierarchy (but see, e.g., Cho, this 
volume, Chapter 22).

Turning now to sequences of purely voiceless consonants, löfqvist (1990) sum-
marized the observable kinematics of laryngeal behavior as follows: “sounds 
requiring a high rate of airflow, such as fricatives and aspirated stops, are pro-
duced with a separate gesture” (296). The interesting issue with regard to 
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understanding gestural coordination in voiceless sequences is to determine 
whether the number of gestures observable at the articulatory surface corresponds 
to the underlying gestural input. Munhall and löfqvist (1992) investigated this 
question for a single sequence /s#t/, embedded in the phrase “kiss Ted” (i.e., with 
a word boundary), over a wide range of stress and speech rate conditions. They 
showed that the observable kinematic behavior ranged from two clearly distinct 
gestures at the slowest rates to a single‐peaked pattern at the fastest. on this basis, 
they argued that it may be preferable to assume the presence of two underlying 
gestures in onset clusters like /#st/, where almost invariably only a single‐peaked 
movement is actually observable. In this respect, their account differs from 
Browman and Goldstein (1986) who assume that English syllable onsets show 
only a single glottal gesture, where the timing of that gesture is captured in the two 
rules given at the beginning of this section.

The Munhall and löfqvist (1992) study conveniently allows us to recall the con-
cept of gestural dominance that is undoubtedly of considerable importance in 
understanding gestural coordination generally, and as it is applied to laryngeal‐
oral coordination. As discussed in Saltzman and Munhall (1989), if one assumes 
that fricatives dominate glottal timing more strongly than plosives do, and that 
dominance can be enhanced in initial position, then this may allow a single‐peaked 
pattern at the surface to be reconciled with two underlying gestures in the input. 
The concept of dominance is also relevant for Browman and Goldstein’s (1986) 
account as well, since the high dominance value for the fricative determines the 
order of the two rules given above. That said, we note that rather similar shifts in 
the timing of peak glottal opening in the /s/ of /st/ compared to single /s/ can 
also be found for /sl/ vs. /s/ (hoole 2006). This makes it difficult to argue that the 
timing shift in /st/ is caused by an additional, albeit weak, gesture for /t/ per-
turbing the location of peak glottal opening away from the midpoint of the frica-
tive, since in /sl/ there is no obvious reason to assume any competition between 
/s/ and /l/ for control of the glottal articulator.

Similarly to the account proposed in the first part of this section for obstruent‐
sonorant sequences, hoole (2006) has argued that laryngeal‐oral coordination in 
complex syllable onsets of purely voiceless consonants is also best understood as 
fulfilling constraints imposed by the aerodynamic demands of the onset as a 
whole. For example, in a sequence of voiceless fricative + plosive there is a very 
strong constraint that glottal abduction must be initiated promptly as the fricative 
constriction is formed; however, there are only very weak constraints as to where 
glottal adduction is completed. Even if adduction is completed well before the plo-
sive occlusion is released there is no danger that the plosive will inadvertently 
become voiced because intraoral pressure will prevent vocal fold vibration. The 
aerodynamic explanation suggests that peak glottal opening may not be the cru-
cial timing parameter and accounts for the quite radical departures from the tim-
ing rules proposed by Browman and Goldstein (1986), which are not that difficult 
to find (see Goldstein 1990, for further discussion).

Summarizing this section on laryngeal‐oral coordination it can be said that 
laryngeal kinematics are attractive to study because the movement patterns are 
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well suited to studying issues such as gestural blending. Even though we now 
have a wealth of information going back many years, the area remains an inter-
esting one because it also indicates that interarticulatory coordination does not 
proceed segment by segment; larger structures must be taken into account. This 
conclusion is reminiscent of the conclusion to section 7.3.1.

7.4 Conclusion

Although we hope to have shown that a good understanding of many aspects of 
articulatory timing already exists, it should equally be clear that there still remains 
much to do. Two major unresolved issues are to understand how segmental effects 
interact with higher‐level prosodic effects, and to join this understanding with an 
understanding of how individual languages develop preferred timing patterns.
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