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Abstract

One of Portuguese distinctive marks is the large nasals inven-
tory, including five phonemic nasal vowels and three diph-
thongs. Previous studies argued for an initial oral part and
a short nasal consonant, probably related to synchronization
between oral and nasal gestures. These studies have consid-
ered discrete descriptions with EMA-flesh points, limiting our
grasp of the whole vocal tract, and preliminary work using real-
time MRI (RT-MRI) considered a small frame rate (14fps) and
a reduced number of speakers, yielding a rather small time-
resolution to study an intrinsically dynamic process. The re-
cent advances of RT-MRI, with frame rates of 50fps, have made
possible a finer detail of the dynamics of nasals. However, new
challenges need to be tackled to deal with the resulting large
amount of data and to foster analyses to tackle a larger number
of speakers. Grounded on a new RT-MRI corpus for European
Portuguese, this paper explores the capabilities of recent data-
driven methods, to analyze dynamic aspects of nasal vowels and
coordination. To this end, we consider data for 11 EP speakers
and investigate vocal tract configurations, over time, and the co-
ordination of velum and lip aperture in bilabial (oral and nasal)
contexts. Overall, the results show changes of the vocal track
and the model explores the dynamic behavior of the vowel tract
along the production of oral and nasal vowels.

Index Terms: Speech production studies, European Por-
tuguese, RT-MRI, nasals, data-driven analysis

1. Introduction

European Portuguese (EP) distinguishes five nasal vowels and
three diphthongs. Nasal vowels are complex sounds visible also
in the acoustic antiformants caused by the inclusion of the nasal
cavity in the production and the difficult parsing of articulation
and acoustics. EP nasal vowels are usually divided in an initial
oral portion, a nasal part and a consonantal tail, probably related
to a late alignment of the velum relatively to the vowel tract
configuration for the vowel production. However, there is no
robust evidence for this partition and this will be one of the
advances of this paper. These dynamic aspects cannot be caught
with static analysis of vowel midpoints and do have to consider
the whole or a greater part of its duration.

The study of such complex sounds, exhibiting character-
istic dynamic patterns contributes to improve our knowledge
on speech production supporting a range of applications from
speech therapy to articulatory speech synthesis. Initial studies
of EP nasal vowels production dynamics resorted to Electro-
magnetic Articulography (EMA) data, and contemplated: quan-
titative analysis of velum movement in context of stop con-
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sonants [1]; comparison with French nasal vowels [2]; study
of gestures timing, characterization of the gesture in terms of
average duration, investigation of factors influencing such du-
rations, and characterization of inter-gestural coordination [3];
and speech rate effects [4]. With advances in magnetic reso-
nance imaging (MRI) and real time magnetic resonance imag-
ing (RT-MRI), this studies were complemented by exploring the
coverage of the complete vocal tract in, for example [5, 6, 7, 8].

It is important to expand the body of knowledge for EP
nasals by moving into data acquisition techniques that provide
a more complete view over the vocal tract, when compared to
EMA, along with a finer grasp of tract dynamics. Advances in
RT-MRI of the vocal tract [9] allow improving on previous re-
search by providing better image quality at a higher frame rate
of 50fps, enabling to move beyond past limitations on time res-
olution. However, with this new data, several challenges arise
mostly resulting from the sheer amount of data and from how to
systematically process and analyze it to obtain useful results to
address the research questions in a quantitative manner [10, 11].
Additionally, the amount of available data also opens new pos-
sibilities to move into more data-driven analysis, e.g., adopting
methods to model the behavior of relevant sounds by gathering
the data from multiple repetitions and/or speakers.

In view of recent methods proposed to process and analyze
speech production data extracted from real-time MRI of the vo-
cal tract [12] it is important to understand how these, proposed
for a general scope, might be of use to investigate the dynamics
of nasals. In this context, the work presented here considers a
novel RT-MRI database for European Portuguese and aims to:

* Explore recent methods proposed to support dynamic anal-
ysis and modeling from articulatory data extracted from RT-
MRI of the vocal tract;

* Assess the applicability of these new methods to the analy-
sis of nasal vowels;

* Provide first reports regarding vowel dynamics and coordi-
nation for EP nasal cardinal vowels in bilabial contexts.

The remainder of this document is organized as follows. Sec-
tion 2 presents an overall overview and background regarding
the study of nasal vowels and the consideration of data-driven
methods to process and analyze speech production data; sec-
tion 3 describes the considered data and provides an overview
of the methods to tackle it; section 4 presents and discusses the
obtained results; and, finally, section 5 presents some conclu-
sions and routes for further work.
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2. Background and Related Work

2.1. On nasal vowels

The production of nasal vowels involve much more than low-
ering the velum. The way this aperture, and other articulators,
vary in time and their coordination is important [13]. Nasal
vowels can be regarded as diphthongs [14], starting with dom-
inant lips radiation and ending in a nasal radiation dominant
configuration. This dynamic nature of nasal vowels is impor-
tant for their perception [15].

It is often unclear when a vowel is a phonemic nasal or
simply contextually nasalized. For example, for Brazilian Por-
tuguese, Meireles [16] found a synchronous coordination of the
nasal vowel with the preceding consonant, while Desmeules-
Trudel [17] reported a very late alignment of nasal and oral ges-
tures, arguing against the phonemic status of the nasal vowels.

Despite efforts such as [3, 8, 10], it is not yet completely
clear how oral and nasal gestures are synchronized in EP nasal
vowels production, mainly due to the limitations of the analyzed
data (restricted number of speakers and partial information re-
garding the tract, for EMA, or reduced temporal resolution, for
RT-MRI).

2.2. Analysis and Modeling of Articulatory Data

With the increase of the data available from different technolo-
gies supporting speech production studies, as is the case for
RT-MRI [18, 9], it is paramount to pursue methods that enable
its systematic quantitative assessment through unsupervised ap-
proaches, to take the most out of the available data. In this
regard, several authors have proposed data-driven methods for
their processing and analysis (e.g. [19, 20, 21].

In this regard, the authors have explored data-driven ap-
proaches to determine critical articulators from vocal tract data
extracted from RT-MRI. [22, 11] expanding an approach pro-
posed for EMA [23]. One notable aspect of the presented
approach is that, even though the method considers statisti-
cal modeling for the different sounds, the consideration of
tract variables aligned with the Articulatory Phonology frame-
work [24], as grounds for the method, yields results that keep
a connection to the tract anatomy (e.g., constrictions on the
tongue tip and body) and are, hence, more interpretable towards
a critical discussion of the outcomes and an improved knowl-
edge of speech production. Nevertheless, while this provides
valuable information for a wide range of sounds, in an unsuper-
vised manner, in its current state it still only considers a static
representation for each phone (i.e., one time point along the pro-
duction). Even though, for nasal vowels, three time points were
selected, to grasp some of the dynamics, the granularity of the
resulting data does not enable taking conclusions about the sub-
tlety of the underlying dynamics and coordination.

In a recent article, Carignan et al. [12] explore how vocal
tract data extracted from RT-MRI can be explored by modeling
the dynamics of speech production based on multiple repeti-
tions of each sound. In their method they adopt generalized ad-
ditive mixed models (GAMMs) applied to vocal tract aperture
functions, along with validations of the resulting models using
functional linear mixed models (FLMMs) at 20% and 80% of
the vowel interval. Overall, these methods model vocal tract
aperture, over time, for given sounds, and can be useful to gain
insight over how sounds are produced considering data from
multiple speakers, at once. One notable point addressed is the
interpretability of the results obtained with the proposed meth-
ods. To this end, the authors establish a correspondence be-
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tween data points on the tract aperture functions and anatomical
regions and apply this principle to all speakers and repetitions,
which then allows an understanding of the resulting GAMM:s.

3. Methods

In what follows, an overall description of the considered data
and methods adopted for analysis is provided.

3.1. Data Aquisition

The RT-MRI dataset recordings were performed at the Max-
Planck-Institute in Gottingen, Germany, using a 3T Siemens
Prisma Fit MRI System equipped with a 64-channel head coil.
The MRI acquisitions involved a low-flip angle gradient-echo
sequence with radial encodings and a high degree of data under
sampling [9]. The procedure allowed for real-time image se-
quences of the vocal tract in a midsagittal plane of the speaker at
50 fps. Speech sound was synchronously recorded using an op-
tical microphone (Dual Channel-FOMRI, Optoacoustics ) and
annotated using Praat [25].

3.2. Corpus and Speakers

The analysed corpus consists of minimal pairs containing the
three stressed oral and nasal point vowels [i, u, a] and [i, @ ©]
preceded by bilabial oral or nasal consonants, as in the fol-
lowing words: ’pato’ [patu], ’panto’ [petu], mato’ [matu],
’manto’ [metu]. All words were randomized and repeated in
two prosodic conditions embedded in one of three carrier sen-
tences alternating the verb as follows: (diga ("Say’); ouvi (’1
heard’); leio (’I read’)) as in ‘Diga pato, diga pato baixinho’
(’Say duck, Say duck gently’). The data considered for the anal-
ysis presented in this article include 11 native speakers of EP
and is part of a larger corpus being acquired to study EP nasals.

3.3. MRI data Processing and Analysis

Overall, our purpose was to explore the applicability of the
method proposed by Carignan et al. [12]. In short, the pro-
cessing pipeline consists of five steps: (1) Image registration,
in which, images are aligned to compensate some movement
of the speaker; a (2) Semi-polar grid is placed throughout the
vocal tract, it consists of 28 lines distributed from the glottis to
the anterior edge of the alveolar ridge; (3) Air-tissue bound-
ary detection processes semi-automatically each frame to find
the outer boundary of the vocal tract for each grid line; the (4)
Aperture estimation is obtained by counting the pixels from
the boundary that are below a determined threshold; (5) Princi-
pal Component Analysis (PCA) of the velum and lip aperture
are estimated by an approach based on region-of-interests (ROI)
and considering pixel intensities (e.g., the amount of darker pix-
els is higher for the inter-lip region when the lips are open).
Following the same approach as Carignan et al. [12], but
since we are interested in lip and velar aperture, we have com-
plemented the semi-polar grid data with the data obtained from
the velum and lips to test if Generalized Additive Mixed Mod-
els (GAMMs) visualizations could provide any useful insight
on their changes, over time. To this end, 1) we have added two
more grid lines in the lips area with the computed values; and
2) in the velum area, we have subtracted a factor of the value
obtained in the velum PCA from the tract aperture function,
in that region, in an attempt that velar opening would induce
a discernible change, in the GAMMs, between oral and nasal
sounds, our object of study. To get a grasp of what is happening
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Figure 1: Results from GAMMSs for the three vowel pairs in /p/ context. From left to right, in each row, the plots refer to the oral, the
nasal, Each GAMMSs plot encompasses the previous consonant /p/, the vowel (at the center, from 0.33 to 0.66), and the next consonant.
The results for the /m/ context presented similar patterns and are not shown for the sake of brevity.

to the vocal tract, we also added the preceding and following
consonant, as context. The obtained GAMMSs show the vowel
(at their center, between 0.33 and 0.66), but also show the pre-
ceding consonant (from 0 to 0.33) — a /p/ or a /m/, and the fol-
lowing consonant (from 0.66 to 1) —a /t/ or a /d/. See Figure 1
for examples.

To complement the GAMMs visualizations with more
detailed data for analysis, Functional Linear Mixed Models
(FLMMs) were computed for tract apertures at 20%, 50% and
80% of the vowel interval. Also, a first attempt is presented of
using FLMMs to model the behaviour of the lips and velum,
over the time, to support the analysis of their coordination.

4. Results

This section presents examples of analyses aiming at both as-
sessing the capabilities of the methods and contributing to aug-
ment knowledge regarding the temporal aspects of nasal vowel
production. The results gathered for 11 EP speakers covering
an overall analysis of tract dynamics, a more detailed analysis
of tract configuration for key timepoints along the vowels, and
an overall analysis of lip and velar coordination.

4.1. Overall Vocal Tract Dynamics

The analysis started by an overall assessment of how the tract
evolves for oral and nasal vowels by applying GAMMs to the
considered bilabial contexts for the 3 vowels. The resulting
“areograms’ showing data for the vowel, at the center of each
plot (from 0.33 to 0.66), along with the flanking consonants
([p] and [t]) are presented in Figure 1. Each row shows the
“areogram” for the oral, its nasal congener, and the difference
between the two. For the sake of brevity and given no major dif-
ferences between both bilabial contexts, only the oral [p] con-
texts are shown.
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Overall, the differences for the pairs [u]/[Q] and [i]/[7] are
very small, for both contexts, noticeable by the dominant gray-
ish color of the difference diagram. Differences between [a]
and [e] are more noticeable. For both contexts, the oral is
more backed than the nasal (the redish area on the difference
GAMMs, for the lower tract, and blueish around the alveo-
lar ridge). Finally, the dynamic pattern for each vowel pair is
similar across the considered contexts. The GAMMSs represen-
tations, obtained based on the tract area functions, which we
modified by including velar and labial aperture, provide good
insight on oral configurations, but nasality differences do not
arise, in the representation, as we attempted.

4.2. Detailed Analysis at Specific Timepoints

While the GAMMs in Figure 1 show the overall evolution of
tract aperture, to have a more detailed grasp of the tract’s config-
uration, Figure 2 shows superimposed plots of tract apertures at
specific times: beginning (20%), middle (50%), and end (80%)
of the vowel interval.

For [a] and [®] these plots further confirm the previously
described results. For both contexts, the oral vowel exhibits
a smaller aperture at the back of the tract pointing to a more
backed configuration than the nasal. At the alveolar ridge, it is
the opposite effect, consistent with the observed backness of the
oral and hinting on a wider lip aperture (although the plots do
not explicitly include lip data), and also, possibly, of the jaw.

For vowels [i] and [u], the differences towards their nasal
congeners are very small (slightly higher for [u]) and no notable
difference appears across contexts. For [u], the nasal shows a
slight difference for the alveolar ridge, from 50% onward, pos-
sibly due to the tongue movement to produce the [n], in the
considered contexts.
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Figure 2: FLMMs showing the aperture function of the vocal
tract for three time points. Each row presents the aperture func-
tion for 20%, 50% and 80%, along the vowel. Each of the pre-
sented plots shows, in red, the curve for the oral and, in blue,
the curve for the nasal. The curves for the oral bilabial context
[p] showed similar patterns.

4.3. Coordination

Since the vowels were produced in bilabial context, we will
analyse the coordination of the lower lip with the velum. Fig-
ure 3 shows FLMMs for the lip and velar aperture, over time,
for the different oral/nasal pairs. By modeling lip and velar be-
havior considering the data for the 11 speakers, we obtain a first
grasp over coordination, an important (and challenging) aspect
to study for nasal vowels. For vowel [2], in both contexts, lip
aperture’s peak occurs earlier than for the oral vowel and to a
smaller aperture. The smaller aperture is consistent with the
more closed vowel quality of the nasal congener. Vowel [i]
seems to show a similar (albeit less pronounced) pattern. For
the nasals in [p] context, the onset of velar opening seems to
happen slightly after lip occlusion release.

Overall, velar behavior for both contexts is as expected. For
[p] contexts, the velum starts closed, opens during the nasal
vowel, and closes, again. For [m], the velum starts open and
gradually closes during the oral vowel, or continues closing af-
ter the nasal vowel. Interesting to note is the higher error inter-
val for the velar curve in [ii]. For 2, and 1, a close observation
of the curves seems to reveal a slight tendency of lip closure
minima, after the vowel, occurring slightly before velar closure.

5. Conclusions

This paper presents a novel analysis of EP nasal vowels re-
garding dynamics of the tract configuration and coordination
of velum movement with lip aperture based in the application
of GAMMs to high frame rate RT-MRI data.

The methods explored in this article enabled an elegant ap-
proach to tackling data from multiple speakers to reach an over-
all model of the dynamic behavior of the tract, along the produc-
tion of oral and nasal vowels. The results presented, although
a first exploration of these methods, already highlight interest-
ing aspects regarding nasal vowels for a considerable number of
speakers. These results corroborate the similarity of the vocal
tract configuration, over time, for [i] and [u], when compared
with their oral congeners and a stronger difference in configu-
ration between [a] and [€] that seems to be slightly more pro-
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Figure 3: FLMMSs of lip and velar aperture, over time, for the
different vowels and contexts, obtained from production data
from 11 speakers. Curves for the oral vowels in red, and for the
nasals in blue.

nounced at the end of the vowel.

A very interesting result is the stronger variation for the
velar aperture for [@]. This is probably due to the backness
of the vowel and the proximity of the tongue with the velum,
potentially originating adjustments or less well defined timings
(along with possible image artefacts, introducing a bit more un-
certainty). This demands further investigation to disentangle the
different possible causes. In this regard, also having data con-
cerning the tongue body movement towards the pharynx might
shed some light on what adjustments are involved. Regarding
coordination, the FLMMs seem to provide a hint of an anticipa-
tory closure/minimal area of the lips in respect to velar closure.
However, to ascertain if this is confirmed — which would pro-
vide evidence supporting the occurrence of a small consonantic
nasal tail — a more detailed analysis is required.

The changes introduced to the data input for the GAMMs,
including data for the lips and velar aperture did not yield a
clear depiction of the nasality differences among oral and nasal
vowels. This might be a result of the smoothing effect of the
GAMMs representation, given the limited spatial scope of the
change. Further work to improve these aspects is required. In
this regard, it would now be interesting to further test these
methods with data extracted from tract segmentations to con-
sider direct measures of the velopharyngeal passage and interlip
distance as we considered in [11], also for RT-MRI.
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