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Abstract. It has been proposed that when two gestures involving the same 
articulator are organized with sufficient overlap, the resulting ‘gestural 
aggregation’ blends or averages the two movements to result in a smooth, 
often plateau-like kinematic trajectory (Munhall & Löfqvist 1992). We analyze 
the effects of a phrasal boundary on sequences of two consonants across a 
word boundary. Prosodic structure has been shown to affect the temporal 
overlap among gestures (Byrd et al. 2000). Given the overlap account of 
gestural aggregation, we expect the case of juncture geminates—two identical 
sequential consonants—to be influenced by prosodic structure in a similar 
fashion as other coproduced gestures are. In fact, our results show that, as 
expected, the overlapped gestures are temporally pulled apart or de-
aggregated across a phrase boundary.  [Supported by NIH DC 03172] 

 
1. Introduction 
 
1.1. Articulatory overlap and juncture geminates 
Coproduction in speech occurs when two gestures temporally overlap. When these 
gestures share all or some of their articulators, they have been described as blended in 
that the gestural parameters are (basically) averaged (Saltzman & Munhall 1989). When 
two abutting consonants are identical, they are called juncture geminates. The temporal 
behavior of juncture geminates is important to study as they are canonical sequences but 
are produced as single articulator constriction movements. When consonants abutting at 
word edges use different articulator sets, we can observe their coproduction rather 
clearly; we see two different constrictions being made in a temporally overlapped 
fashion (Browman & Goldstein 1990). However, when the two consonants share the 
same articulator, as in the case of juncture geminates, their individual characteristics 
become more difficult to observe. This type of coproduction has been called gestural 
aggregation (Munhall & Löfqvist 1992). The fact that two individual gestures are being 
coarticulated may or may not be obvious from the articulatory movements. For 
example, Munhall and Löfqvist (1992) examining the aggregation of two overlapping 
laryngeal gestures across a word boundary observe a single smooth movement at fast 
speaking rates.  

For cases when only one continuous movement is observed, two analyses seem 
possible. First, overlap with blending of two separate gestures could simply result in a 
movement with only a single displacement extremum (Saltzman & Munhall 1989). 
However, summation of the two underlying gestures could also result in a single 
trajectory (Munhall & Löfqvist 1992). Previous studies suggest that juncture geminates 
are the result of extreme overlap and blending rather than a summation process. The 
degree of overlap between coproduced consonants varies with the speech rate so that 
overlap increases as the rate gets faster (Byrd & Tan 1996, Hardcastle 1985). Munhall 
and Löfqvist (1992) looked at laryngeal gestures in juncture geminates across different 
speech rates. In fact, at slower rates, Munhall and Löfqvist observed two distinct 



laryngeal movements; at faster rates, a single smooth trajectory was present. These 
results suggest that the single movement in fast speech was the consequence of great 
overlap between the two gestures. Comparable results were reported in Löfqvist and 
Yoshioka (1981). 

Juncture geminates can also be differentiated from single consonants in terms of 
their durational characteristics and their degree of articulator displacement. Kelso & 
Tuller (1987) note that the results of gestural summation would be a larger gesture with 
increased amplitude and steeper onset and offset slopes. Byrd (1995) used 
electropalatography (EPG) to investigate lingual juncture geminates in English. Lingua-
palatal contact patterns indicate that these juncture geminates were produced with a 
single raising and lowering of the tongue. Byrd (1995) found the coproduced 
articulation for juncture geminates to be longer than the movement for a single gesture. 
Byrd’s results also indicated no consistent increase in maximum contact for the 
geminated consonants relative to single consonants syllable onsets. Also, constriction 
formation and release contact slopes of the juncture geminates appeared comparable to 
those of singleton onset and coda slopes, respectively. These data suggest that a 
blending process that averages the spatial target values for two overlapping consonantal 
gestures is at work (Byrd 1995). Munhall and Löfqvist (1992) also found no consistent 
tendency for the combined single movement to be larger than an individual (non-copro-
duced) movement, although a simulated summation of the gestures predicts such a 
difference. Vaxelaire (1995) examined X-ray film data on constrictions for lingual 
juncture geminates in French and found slightly different results in that the extent of 
contact between the tongue and palate is greater for the French juncture geminates than 
for the similar single consonant. Geminates had longer articulatory durations than 
singletons, as predicted from previous studies.  
 
1.2. Prosodic effects on articulatory gestures 
Prosodic structure affects the spatial and temporal characteristics of individual gestures, 
as well as the relative coordination among different gestures (Byrd & Saltzman 2003, 
Byrd et al. 2000). With respect to the influence on the intragestural characteristics, 
articulatory studies have shown that gestures become longer near prosodic boundaries 
(e.g., Edwards et al. 1991, Beckman & Edwards 1992, Byrd & Saltzman 1998, Byrd et 
al. 2000, Cho 2005).  

Articulatory studies have examined overlap patterns under the influence of 
prosodic structure and found that temporal overlap is less among gestures separated by 
or adjacent to a boundary (McClean 1973, Byrd et al. 2000, Byrd & Saltzman 1998, 
Byrd & Choi 2006, subm.). Byrd et al. (2000) analyzed the timing patterns across a 
phrasal boundary of the tongue tip and upper lip gestures for two nasal consonants [n, 
m] in Tamil. The time between extrema was significantly longer in the boundary 
condition. As for the relative timing, the word-final gesture reached its extremum 
position significantly earlier in the word-initial gesture when a phrase boundary 
intervened. These results and those of Byrd and Choi (2006, subm.) and simulations in 
Byrd & Saltzman (2003) show that gestures are pulled apart across a phrasal boundary, 
resulting in less temporal coproduction between these gestures.  

Critically, these findings have been modeled as a local slowing in the temporal 
pacing of constriction gesture activation trajectories within Byrd and Saltzman’s π-
gesture model of phrasal structure in speech production (Byrd & Saltzman 2003). If 



phrase boundaries can be understood, as Byrd and Saltzman suggest, by transitory 
warping of the local speech rate, then juncture geminates, just like the sequences of 
non-identical consonants in the above studies, should show lesser overlap when they 
occur across a phrase boundary, perhaps even displaying signs of de-aggregation or 
‘pulling apart.’  
 
1.4. Goals of the present study 
This study evaluates the effects of phrasal boundaries on the intra- and intergestural 
characteristics of blended gestures produced with the same articulator. This allows us to 
investigate the process of gestural aggregation and the manner in which it is affected by 
prosodic structure. Juncture geminates are expected to be affected by prosodic 
boundaries in the same way as other gestures. The intragestural prosodic lengthening is 
expected to be reflected in longer constriction formation duration and somewhat in 
longer plateau duration. The intergestural changes in overlap when the juncture 
geminates occur across a phrase boundary are expected to be manifested in longer 
plateau duration as the two abutted gestures slide apart, possibly yielding longer total 
sequence duration. In fact, the intervening phrase boundary condition may even be 
associated with a two-peaked gestural trajectory.  
 
2. Method 
The experiment stimuli were constructed to test the effects of an utterance-level phrase 
boundary between two consonants C1 and C2 produced using the same articulator. The 
stimulus sentences are given in Table I. Contrast in prosodic structure was generated via 
the use of nominal compounds, specifically, proper name compounds, versus sequence 
of proper names spanning a phrase boundary. That is, the target consonants were either 
part of the same phrase (i.e. a compound name) or separated by an intonational phrase 
boundary. The target sequences were the juncture geminate [dd] for the same articulator 
and manner condition, [dz] for the same articulator but different manner condition, and 
[db] for the different articulator condition. The sentences were blocked by boundary 
condition and ten consecutive repetitions of each sentence were recorded, yielding a 
total of 60 tokens for each subject. Three native speakers of American English 
participated in the study and will be referred to as NP, KZ and JB.  

Table I. Stimuli used in experiment. 

intervening boundary? sentences 
 juncture geminates [dd] (gestural aggregation): 

Yes JIMMY loved Dodd. Deb bet DAD didn’t know that. 
No JIMMY loved Dodd-Deb. Bet TAD didn’t know that. 

 same-articulator, non-geminate [dz]: 
Yes KIMMY loved Dodd. Zeb bet DAD didn’t know that. 
No KIMMY loved Dodd-Zeb. Bet TAD didn’t know that. 

 different-articulators, singleton [d]: 
Yes TIMMY loved Dodd. Bub bet TAD didn’t know that. 
No TIMMY loved Dodd-Bud. Bet DAD didn’t know that. 

 



The Electromagnetic Midsagittal Articulometer (EMMA) system (Perkell et al. 
1992) was used to track the horizontal (x) and vertical (y) movements of transducers 
adhered to the tongue tip and lips. The transducer trajectory data were sampled at 625 
Hz and the acoustic data at 20kHz. The data were corrected for head movement using 
reference transducers on the nose and maxilla and were rotated to the occlusal plane.  

In this paper, the focus is on the kinematic behavior of the tongue tip (TT) 
gesture produced in each of the target sequences, i.e. [dd], [dz], [db]. Note that for [dd] 
and [dz], a single smooth movement of the tongue tip was produced by all speakers in 
all conditions with one exception. (Speaker JB displayed a somewhat different behavior 
for the [dd] and [dz] in the boundary condition. This will be later discussed). Using the 
trajectory analysis software MVIEW (under development by Mark Tiede), five points 
were defined for the TT trajectory:  gestural onset, plateau onset, maximum 
constriction, plateau offset and gestural offset. Time and spatial value for these 
landmarks were derived from the tongue tip x and y velocity trajectories. The gestural 
onset and offset correspond to the beginning of the constriction formation and the end 
of the release. They were calculated as threshold-crossing points in the tangential 
velocity trajectory, where the threshold was defined as a percentage of the range 
between the maximum and minimum local speed. The threshold was set to 0.2. The 
plateau onset and offset correspond to the beginning and end of the constriction plateau. 
These were also calculated as threshold-crossing points, with a value of 0.3. Maximum 
constriction is defined as a zero-velocity crossing point. Additionally, peak velocity 
timepoints during both the closing and opening movements were recorded. Figure 1 
illustrates the seven measured timepoints.  

It is worth noting that speaker JB, unlike the other two speakers, produced the 
sequences [d#z] and [d#d] in the boundary condition (only) with two distinct tongue tip 
gestures. Figure 2 illustrates these two-gesture productions of [d#z] and [d#d] across a 
phrasal boundary. For these tokens, the landmarks from both gestures were combined 

 

 

Figure 1. Timepoint markings. 

Figure 2. Example of tongue tip 
trajectory corresponding to 
‘Dodd. Deb’ (top) and ‘Dodd. 
Zeb’ (bottom) for speaker JB, 
illustrating the two-gesture 
production of sequences [d#d] 
and [d#z] across a boundary. 



for the analysis. Specifically, the 
gestural onset, first peak velocity and 
plateau onset were taken from the first 
TT gesture, and the plateau offset, 
second peak velocity and gestural offset 
were selected from the second gesture. 
The maximum constriction point was 
taken from the gesture with the highest 
plateau. For [d#z], this point was from 
the first gesture, and for [d#d] it was 
located in the second gesture.  

 Based on the tongue tip movement landmarks, two articulatory intervals were 
derived from the measured timepoints and used as dependent variables: 

1. Constriction formation duration:  time from gestural onset to plateau onset; 
2. Plateau duration:  time from plateau onset to plateau offset.  

The articulatory landmarks and derivable variables are represented in Figure 3. 
Constriction formation duration is taken as an indicator of the closing gesture profile, 
and plateau duration serves as an index of gestural overlap for blended gestures. 
Sequence type ([dd], [dz], [db]) is not predicted to have an effect on constriction 
formation duration but may affect plateau duration. The effect of the presence or 
absence of a phrase boundary intervening between the two consonants is hypothesized 
to be significant for both duration variables but may be different in degree for the 
plateau duration depending on the sequence type. 

Individual two-factor ANOVAS for each subject were conducted in order to 
evaluate the effects of boundary and sequence ([dd], [dz], [db]) on constriction 
formation duration and plateau duration. PLSD post-hoc tests were carried out for both 
dependent variables to evaluate pairwise comparisons among the different sequence 
types. The significance level for all the statistical tests was set at p<.05.  
 
3. Results 
3.1. Constriction formation interval  
A main effect of boundary on the constriction formation duration is obtained for all the 
subjects: Speaker JB [F(1, 50)=44.4, p<.0001], speaker KZ [F(1, 48)=43.2, p<.0001], 
speaker NP [F(1, 48)=207.9, p<.0001]. The constriction formation interval is longer in 

 
Figure 3. Articulatory landmarks 
& derived dependent variables. 

 
 

Figure 4. Boundary & CC effects 
on constriction formation duration. 

Figure 5. Boundary & CC effects 
on plateau duration. 



the presence of a phrase boundary. As for the sequence type, this independent variable 
has a significant effect on constriction formation only for speaker NP [F(2, 48)=19.5, 
p<.0001]. According to a PLSD post-hoc test, NP’s constriction formation for [dz] is 
different from [dd] and [db] (p<.0001), so that [dz] presents a longer duration; [dd] and 
[db] are not significantly different from each other. Speakers JB and KZ do not show a 
significant effect of sequence type. The interaction between boundary and sequence is 
significant only for speaker JB [F(2, 50)=3.8), p<.0001]. It is a magnitude interaction 
such that the boundary has a stronger effect on [d] constriction duration in [db] than in 
[dd] or [dz]. Figure 4 shows the constriction formation duration for the different 
boundary and sequence conditions split by speaker. Table II includes the corresponding 
means and standard deviations.  

3.2. Plateau duration 
All speakers show a main effect of boundary on the plateau duration: Speaker JB [F(1, 
50)=443.7, p<.0001], speaker KZ [F(1, 48)=66.1, p<.0001], speaker NP [F(1, 
48)=108.8, p<.0001]. The plateau is longer in the boundary condition. The type of 
sequence also shows a main significant effect for all speakers, such that the plateau is 
longer for [dd] & [dz] than for [db]:  Speaker JB [F(2, 50)=139.8, p<.0001], speaker KZ 
[F(2, 48)=30, p<.0001], speaker NP [F(2, 48)=15.1, p<.0001]. The results from PLSD 
post-hoc tests further show that for all the speakers, the three sequences present plateau 
durations different from each other at a significance level of p<.05. As for the 
interaction between sequence and boundary, it was also significant for all the speakers: 
Speaker JB [F(2, 50)=75.9, p<.0001], speaker KZ [F(2, 48)=4.03, p<.024], speaker NP 
[F(2, 48)=10.17, p<.0002]. This magnitude interaction is such that the plateau duration 
for [dd] and [dd] is more lengthened by the presence of a boundary than that for 
singleton [d] in the [db] sequence. 
Figure 5 shows each speaker’s 
plateau duration for the different 
boundary and sequence conditions. 
Table II reports the means and 
standard deviations.  

Speaker JB shows a high 
mean and standard deviation for the 
[d#z] and [d#d] boundary condition. 
As noted above, JB produced this set 
of stimuli with two distinct tongue 

Table II. Constriction and plateau durations (ms) [b indicates 
boundary condition and nb indicates no boundary condition] 

Constriction formation duration (ms) Plateau duration (ms) 
[db] [dd] [dz] [db] [dd] [dz] 

 

b nb b nb b nb b nb b nb b nb 
mean 96 61.6 87.1 75.4 96.8 76 40.8 32 549.3 51.4 480.8 71.2 Speaker 

JB SD 9.9 8.5 14.1 4.3 20.1 9.4 2.5 5.3 41.8 4.3 119.7 12.2 
mean 148 78.4 138 89.6 167 112.8 101 33.6 235 49.6 156 60 Speaker 

NP SD 12.1 6.3 21.3 10.5 20.7 13.3 57.2 5.1 54.4 8.3 69.3 12.1 
mean 80.5 63 92.2 64.7 89.3 69.8 133 75 264.2 139.3 193.8 124.9 Speaker 

KZ SD 10.2 15.9 12.6 6.4 14.7 8.6 48.4 14.1 67.7 15.3 34.5 17.7 

 
Figure 6. Scattergram showing the 
distribution of plateau durations 
(all speakers pooled). 



tip gestures, unlike the two other speakers. This fact accounts for the exceptionally long 
plateaus for this particular sequence. Furthermore, JB’s [d#z] and [d#d] productions 
have a great amount of variability compared to the other sequences. In fact, this same 
situation is found across all the subjects; Speakers KZ and NP also display a high 
variability in plateau duration for the boundary condition. The scattergram in Figure 6 
shows the distribution of plateau durations for all the speakers pooled. Byrd et al. 
(2000) also found greater variability in intergestural timing under the boundary 
condition. They interpret this as an indication that intergestural timing is less 
constrained when the consonants are in separate phrasal domains. 

4. Discussion and conclusion 
The data presented above confirm the predictions of the overlap account of gestural 
aggregation. According to this analysis, aggregated gestures should display similar 
patterns for onset slopes to single productions but show longer plateau duration than 
non-coproduced gestures. Our results are in accordance with these predictions. We find 
no effect of sequence on constriction formation duration indicating that this variable is 
comparable for singleton [d] productions and [d] in abutted [dd] and [dz]. Only speaker 
NP presents a longer constriction formation for the tongue tip gesture in the sequence 
[dz] than that in [db] and [dd]. However, even for this speaker, the juncture geminate 
and the singleton [d] have similar onset slopes. Thus, in line with previous studies, we 
find that gestural aggregation is not a summation process but rather the result of 
temporal overlap.  

The results reported here shed light on effects of phrase structure on gestural 
aggregation. Our data suggest that phrase boundary effects on juncture geminates are 
comparable to those on singleton gestures. Aggregation of gestures spanning two 
phrasal domains result in longer constriction formations and plateau durations than in 
cases when the juncture geminates are phrase medial. Longer constriction formations 
and plateaus in juncture geminates can be straightforwardly understood as the result of 
intragestural lengthening and lesser intergestural overlap.   

In fact, our results show that the plateau durations increased both for single and 
aggregated gestures. However, as the interaction between sequence and boundary 
indicates, the plateau duration for singleton [d] is lengthened to a lesser extent than the 
coproduced articulations of [dz] and [dd]. This asymmetry in the boundary effect seems 
to be the result of differences in intergestural patterning. Tongue tip aggregation is the 
result of overlap between two separate gestures, whereas singleton [d] is formed by only 
one gesture. A phrase boundary, thus, modifies the intragestural characteristics of both 
productions, but in the case of juncture geminates, it also decreases the overlap between 
the two underlying gestures resulting in a substantial increase of the plateau duration. 
Moreover, the effect of boundary on de-aggregation can even result in two-peak 
productions for juncture geminates, as found for speaker JB. This suggests that 
prosodically-driven modulation of gestural overlap (Byrd & Saltzman 2003) can result 
not only in quantitative but also qualitative differences in output articulatory kinematics. 
The presence of a phrase boundary can even lead to total de-aggregation of two gestures 
involved in the production of a juncture geminate.  

To conclude, this contribution is two-fold. First, we provide further evidence 
supporting the overlap account of gestural aggregation. Second and most importantly, 



we analyze prosodic effects on juncture geminates, showing that gestural de-
aggregation can occur across a phrase boundary due to a sufficient decrease in overlap.  
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