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Abstract
This work aims at exploring the phasing of vowels across 
prosodic boundaries, by analyzing ultrasound data relating to 
the production of V(#)CV (/i#ba/) sequences by three speakers 
of Italian. Sequences are inserted in sentences in such a way 
that C corresponds to the beginning of prosodic domains of 
various levels and it is strengthened depending on the type of 
boundary. 
The influence of prosodic boundaries is investigated on post-
boundary vowels by means of ultrasound data, which show 
that a smaller degree of (preservative) coarticulation is found 
when strong rather than weak prosodic boundaries are 
realized.
Index Terms: ultrasound, coarticulation, prosodic domains

1. Introduction
Coarticulation represents a well known phenomenon in speech 
production, consisting in the accommodation of articulatory 
features in the stream of speech gestures. The observed 
tendency is for the articulation of a segment to anticipate 
(some of) the articulatory features of a segment to be 
pronounced (anticipatory coarticulation); on the other hand, a 
segment may also influence the articulation of another 
incoming segment (preservative or carryover coarticulation). 
Such adaptive phenomena usually take place whenever a 
phonic chain is realized, as it participates in economizing the 
articulatory effort by enhancing the efficiency of speech 
gestures. However, its extent highly depends on context, as it 
happens for hypoarticulated speech in general, meaning on the 
overall conditions under which the speech communication 
takes place (e.g., greater coarticulation may be expected in the 
case of high speech rate [1]). 

Despite the fact that coarticulation is expected in any 
speech production, a certain degree of “coarticulatory 
resistance” [2] may take place in some cases. For instance, 
coarticulation may be inhibited whenever it would lead to 
confuse contrastive phones within a language [3], or in case 
intrinsically strong segments are involved [4], as well as in
prosodically conditioned contexts, where articulatory 
strengthening takes place (such as in case of stress [5], [6], and 
[7]). 

In a detailed investigation on prosodically conditioned 
coarticulatory effect in V#CV (both /i/-to-/a/ and /a/-to-/i/) 
contexts by means of EMA (AG100) data, Cho [8] shows that 
vowels are more extremely articulated when they are either 
accented or located domain-finally (but not domain-initially, 
where, as the author suggests, probably the consonant gets 
more strengthened), suggesting that in such conditions a 
certain degree of articulatory strengthening takes place. 
Looking at preservative coarticulatory effects, [8] confirms the 
existence of “coarticulatory resistance” in the case of 
strengthening as it finds that “accented vowels are less 
coarticulated with preceding vowels than unaccented vowels” 
and, symmetrically, that “vowels tend to be less coarticulated 
to accented [preboundary] neighbouring vowels”. When 

anticipatory effects are taken into account, [8] shows that, as 
expected, “vowels under accent are less coarticulated with 
following vowels than are vowels under no accent”; however, 
“no main effect of the accent of a neighbouring 
(postboundary) vowel is” found. 

As for the effect of a prosodic boundary on coarticulation, 
independently from stress, [8] shows that postboundary 
vowels are less coarticulated with preceding vowels across 
higher prosodic boundaries than across lower prosodic ones 
and preservative effects are more robust when the target vowel 
is /a/ in /i#a/ (than when it is /i/ in /a#i/). As for anticipatory 
effects, although preboundary vowels tend to be less 
coarticulated with following vowels across higher prosodic 
boundaries than across lower ones, the type of boundary has 
an effect on /a#i/, but not on /i#a/ (for which only a trend is 
found) and, indeed, /a#/ undergoes more robust coarticulatory 
variations due to the boundary type than /i#/ does. However, 
Cho [8] points out that “carryover coarticulation shows a more 
robust coarticulatory effect than anticipatory coarticulation 
does”. Furthermore, Cho’s data show that the vowel-to-vowel 
temporal distance across boundary is longer across higher 
prosodic boundaries than across lower ones. This suggests that 
“both the boundary-induced coarticulatory resistance […] and 
the elongated vowel-to-vowel interval can be taken to be the 
same effect”.

As far as Italian is concerned, [9] investigate accent 
induced articulatory strengthening, showing that 
opening/closing gestures of syllables with higher prominence 
are progressively longer, faster and more displaced, in line 
with strengthening phenomena. The authors take into account 
the timing of consonants and vowels depending on syllable 
structure, although they do not explicitly look for cross-
boundary coarticulation or coarticulation resistance in the case 
of stress prominence. As far as phenomena at prosodic 
boundaries in Italian are concerned, a study relevant for the 
present work was performed on domain initial strengthening, 
on the basis of ElectroMagnetic Articulograph (EMA AG500) 
data collected for 6 speakers of two different varieties of the 
language ([10], [11]). Results showed that, consistently with 
findings on other languages, the domain initial consonant is 
strengthened in higher level prosodic domains (along the lines 
of results by [12]), and no differentiation between speakers of 
different varieties of Italian is found. Although an explicit 
investigation of vowel to vowel coarticulation in similar 
contexts has not been performed yet, preliminary results (for 4 
speakers) on cross boundary timing in the material available 
show that vowel-to-vowel temporal distance is higher across a 
major boundary than across lower boundaries [13]. Although 
the temporal organization across domains does not explicitly 
tell us anything about coarticulation, this preliminary results 
point to a durational variation that is induced by the boundary 
and may cause, or at least may be correlated to, changes in 
vowel-to-vowel coarticulation.

Thus, in this paper we will take into account ultrasound 
data to shed some light on the cross boundary vowel-to-vowel 
coarticulation in V#CV contexts. Data on the midsagittal 
tongue shape in cross boundary vowels will be taken into 
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account. This will allow us to get a clear picture of the whole 
tongue body configuration, rather than considering points on 
the tongue (e.g. tongue dorsum) or normalized values (e.g. 
averaging values over the tongue mid and the tongue dorsum 
[8]). Moreover, it will allow us to directly quantify the degree 
of coarticulation rather than, for instance, inducing it from the 
temporal organization of gestures. We will focus on 
preservative coarticulation, as it appears to show more robust 
effects (see above). In line with previous results on 
phenomena at prosodic boundaries in Italian, our prediction is 
that differences in coarticulation will be found for boundaries 
across higher level domains.

2. Corpus
The corpus we refer to for the present investigation is the same 
that was collected for previous analyses on prosodic boundary 
related phenomena in Italian ([10], [11]). We took into account 
V(#)CV (/i#ba/) sequences and inserted them in sentences in 
such a way that C corresponded to the beginning of domains 
of various levels. Those considered for the present 
investigation ranged from the prosodic word (no-boundary 
condition, e.g., …farmi battere a macchina… ‘make me type’) 
to the phonological phrase (Minor-boundary condition, e.g.,
…i primi battono… ‘the winners beat’, where the target 
sequence appears at short subject noun phrase and verb phrase 
boundary) and to the intonational phrase (Major-boundary 
condition, e.g., …forzarmi, ba

Thus, given the corpus characteristics, we may analyze the 
preservative coarticulation effects on (post-boundary) vowel 
/a/ that has been reported in the literature (see [8], as 
summarized above) to show more robust effects than /i/; this 
should possibly counterbalance the resistance effect due to the 
presence of stress on the post-boundary syllable.

ttere a macchina … ‘to force 
me, typing’, where the target sequence appears at a 
subordinate clause boundary). Indeed, carrier sentences were 
created whose syntactic and prosodic structure (number of 
syllables) was expected to induce the presence of higher level 
prosodic boundaries apart from the prosodic word boundary 
(moreover, the sequence distance – in terms of number of 
syllables - from the beginning of test sentence was controlled).

3. Method
Three speakers (2 from the south of Italy - S2 and S4 - and one 
from the north - N3) were asked to read the target sentences 10
times at a comfortable rate. Acoustic and articulatory data 
were collected at the CRIL Research Centre by means of a 
synchronized system including both the AG500 (EMA) and 
the Toshiba Aplio ultrasound machine. Here ultrasound data 
will be reported, although reference to EMA coil position on 
the tongue midsagittal plane will also be considered. 
Ultrasound imaging was performed by means of a convex 
probe, placed under the chin in order to get images of the
tongue on the midsagittal plane (25Hz). The head was kept in 
a stable position by means of a wooden structure that also 
allowed to keep the probe steady. 

Data were first independently analysed by three of the 
authors in order to label the actual prosodic boundary on the 
basis of tonal and/or durational indexes (plus pauses). Target 
utterances that had been produced with the expected boundary 
according to 2 out of 3 transcribers were considered for further 
analysis. 

For each target utterance, a sequence of ultrasound frames 
corresponding to the vowel-to-vowel stretch was taken into 
account for the contour extraction procedure, performed by 
means of the software EdgeTrak [14]. It allows the detection 

of closed and open contours exploiting the edge gradient and 
the intensity information of the ultrasound images. In order to 
detect the contour on a sequence of frames, the user is 
requested to approximately determine the contour on the first 
frame of the sequence through a series of points set manually. 
On the bases of these points, an optimization process is 
applied to the frame: the software attracts the points towards 
the tongue surface and interpolates it through a sequence of 
100 points. Each following frame is determined by the same 
optimization process on the basis of the contour of the 
previous one. The accuracy in automatic tracking and 
therefore in following measurements is quite high, as the error 
between automatic and human expert tracking ranges from 
1.83 to 3.59 pixels (1 pixel=0.295mm) [14].

In order to select the ultrasound frame for the analysis, the 
following procedure was set up. Two ultrasound frames were 
identified by means of information provided by a EMA coil 
placed on the tongue dorsum on the midsagittal plane: the first 
selected frame was close to the time point of tongue highest 
position for /i/ and the second one to the point of tongue 
lowest position for /a/. Tongue surface contours in these 
frames were then compared by exploiting the smoothing spline 
analysis of variance [15].

3.1. The smoothing spline analysis of variance 
(SSANOVA)
The SSANOVA is a statistical method described in [16] that 
permits the computation of the differences between curves 
taking into account their shape, rotation and translation and 
comparing each other as a whole; it has already been applied 
in many different fields, as environmental science, medical 
science and epidemiology. This technique can also be applied 
to the comparison of tongue contours acquired by ultrasound 
imaging as demonstrated in [15]. In order to fit the data, the 
SSANOVA method exploits the smoothing splines (SS), a 
type of piecewise polynomial function that connects discrete 
points called knots (in the present analysis they are the points 
that determine the contour) and includes a smoothing 
parameter: the larger its value, the smoother the curve. The 
splines, in conjunction with the Bayesian confidence intervals, 
allow the determination of the shapes that best fit the curves 
and the variance in the productions.

Given two groups of tongue contours, the SS for each 
contour set is termed main group effect, and around each SS 
the 95% Bayesian confidence interval is constructed. The 
comparison of the two groups of tongue curves is performed 
with the interaction diagram (the two lowest panels in the next 
figures), which represents a plot of the difference of the SS for 
each data set from the SS that is the best fit to all of the data:
the difference between the splines is significant when the 
confidence interval does not encompass the zero on the y axis. 
SSANOVA analysis has been performed by means of a Matlab 
tool developed at CRIL and the “gss” R package.

4. Results
Results obtained by means of the SSANOVA confirm our 
expectation in that they show weaker preservative 
coarticulation in most cases when stronger prosodic 
boundaries are realized.

Plots reporting data points for the available repetitions for 
each of the three conditions (112 tokens) as well as those 
plotting the SS estimate and the 95% Bayesian confidence 
interval for post-boundary /a/ - see Figure 1 for speaker N3 -
show that both the tongue-back and the tongue-front are less 
coarticulated with the pre-boundary vowel (/i/) in Major-
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rather than in Minor-boundary condition. Visual inspection of 
Figure 1, top panel, suggests that both tongue-back and
tongue-front differ in the two conditions in that the SS 
estimate for /a/ after a minor boundary shows features that 
may be due to coarticulation with a preboundary /i/ in 
comparison to the SS estimate for /a/ after a major boundary 
(that more clearly resembles the tongue shape of an /a/-vowel 
that does not show coarticulation). Moreover, the confidence 
intervals are very small, showing a small degree of variation in 
the data (apart of the very front and very back of the tongue, as 
expected). Indeed, these observations are confirmed by the 
interaction curves – see Figure 1, lower panels: they do not 
encompass ‘0’ either in the back (120-125 mm) or the front of 
the tongue (140-160mm). These results are found for two out 
of three speakers (N3 and S4), while one speaker (S2) shows a 
significant difference for tongue back only.

Figure 1: Smoothing spline estimate (solid lines) and 
95% Bayesian confidence interval (dotted lines) –
upper panel – and interaction effects – lower panels –
for comparison of the mean curves for /a/ in Minor-
boundary (blue-dark line) and Major-boundary 
condition (red-light line) – speaker N3.

On the other hand, when looking at tongue coarticulation 
in No-boundary condition as compared to Minor-boundary 
condition, results are less consistent. They suggest the 
existence of a similar degree of coarticulation in No-boundary 
and in Minor-boundary condition or an even greater 
coarticulation in Minor than in No-boundary condition.

Plots reporting the SS estimate and the 95% Bayesian 
confidence interval for post-boundary /a/, as well as 
interaction effects, show that curves for the two conditions 
may not be significantly different – see Figure 2 for speaker 
N3 (the direction of the blue-dark curve on the right hand side
is simply an error due to the different length of the tongue 
contours).

However, results may show that curves differ in No- and 
Minor-boundary conditions and a greater coarticulation with 
preboundary vowel may be found in the latter - see Figure 3 
for speaker S2 (speaker S4 shows similar results). Indeed, as 
reported in the upper panel, the SS estimate for /a/ after a 
minor boundary shows features that may be due to 
coarticulation with a preboundary /i/ in comparison to the SS 

estimate for /a/ when no boundary is realized (see section 5 for 
discussion).

Figure 2: Smoothing spline estimate (solid lines) and 
95% Bayesian confidence interval (dotted lines) –
upper panel – and interaction effects – lower panels –
for comparison of the mean curves for /a/ in No-
boundary (blue-dark line) and Minor-boundary 
condition (red-light line) – speaker N3.

            

Figure 3: Smoothing spline estimate (solid lines) and 
95% Bayesian confidence interval (dotted lines) –
upper panel – and interaction effects- lower panels -
for comparison of the mean curves for /a/ in Minor-
boundary (red-light line) and No-boundary condition 
(blue-dark line) – speaker S2.
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Results are confirmed by the comparison of curves in No-
and Major-boundary conditions, which shows that for two out 
of three speakers curves are clearly different (for the third 
speaker the difference is less evident). In particular, a greater 
coarticulation with preboundary /i/ is visible for the No-
boundary condition than for the Major-boundary one - see 
figure 4 for speaker N3; S4 shows similar results.

Figure 4: Smoothing spline estimate (solid lines) and 
95% Bayesian confidence interval (dotted lines) –
upper panel – and interaction effects- lower panels -
for comparison of the mean curves for /a/ in Major-
boundary (red-light line) and No-boundary condition 
(blue-dark line) – speaker N3.

5. Discussion and conclusions
For all speakers tongue curves for /a/ show features that point 
to a lower degree of coarticulation with pre-boundary /i/ in 
Major- rather than in Minor-boundary condition. On the other 
hand, tongue curves in No- and in Minor-boundary conditions 
show either a similar (for one speaker) or a different degree of 
coarticulation (for two speakers). A similar degree of 
coarticulation after no or minor boundaries is in line with the 
expectations of a weaker coarticulation for stronger prosodic 
boundaries (as opposed to no differentiation for lower level 
prosodic boundaries, in line with previous results on Italian 
[10], [11] and with results discussed in the literature [12]). A 
greater coarticulation after minor rather than no boundaries 
was quite unexpected, although it does not directly contradict 
the predictions of a lower coarticulation degree for boundaries 
across higher level domains (and not for boundaries across 
lower level domains). However, the greater coarticulation in 
Minor- rather than in No-boundary condition may be due to 
the different position of the target contexts in the sentences. 
Indeed, in order to get a short subject noun phrase boundary in 
the Minor-boundary condition while controlling the distance 
(number of syllables) of target sequences from the beginning 
of the test sentence, the boundary was created shortly after a 
dependent clause. To our knowledge, no study reports 
differences in coarticulation correlated to the distance with 

respect to the beginning of the sentence or to the presence of a 
preceding articulatory reset. However the unexpected results 
could be due to such factors.

Finally, the lower degree of coarticulation in the case of 
higher level boundaries is confirmed, for two out of three 
speakers, by the comparison of tongue shapes in No- and in 
Major-boundary conditions. This result warrants that the 
difference between Major and Minor-boundary condition is 
not due to the high coarticulation degree found in the latter.

In summary, we focused our attention on preservative 
coarticulation on /a/ vowels, as it appeared to be a promising 
choice according to the literature. Nevertheless, our target 
sequences showed domain initial stress, that was found to 
cause coarticulatory resistance. Although this may have partly 
masked the diversity in coarticulation across conditions, our 
results show that the differences related to the presence of 
lower vs higher level prosodic boundaries are robust enough to 
emerge.
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