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Abstract

2. Challenges
Considering the state-of-the-art and our previous contributions
to the field [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17], it
is possible to identify a set of problems and open questions that
were considered at the onset of this project:
− Although the articulatory characterization of EP oral and
nasal vowels has been addressed, the characterization of EP
sounds (e.g., vocoids) is lacking for complex sounds such
as EP diphthongs;
− Audiovisual speech synthesis (AVS) can be an important
asset for speech research and interaction, but current trends
on data-driven approaches do not serve an SP research setting. Also, visual coarticulation still requires attention;
− SSI based on non-invasive technologies, such as video, is
a promising approach, but use of additional knowledge regarding SP, such as articulatory events, or other modalities
(e.g., ultrasonic Doppler) might improve performance.
The problems identified above pose a set of challenges. The
first concerns which technologies, and how, should be considered to expand our knowledge on EP sounds. For instance, regarding EP diphthongs, while rtMRI is more expensive than
US, the latter only allows studying oral configurations. So, it
is important to devise methods that combine data from different
modalities in such a way that all relevant (and available) aspects
are covered.
A second challenge concerns how to deal with all the data
required to address the problems identified. To advance the
state-of-the-art and address new problems, processing and analysis methods targeting articulatory data need to further support
quantitative systematic multimodal analysis. This should also
support researchers who may lack the processing skills, but
could play a key role in exploring and gathering additional insight over the data if given the proper tools, e.g. linguists.
Regarding AVS, data-driven approaches perform well, but
seldom contribute to advance our knowledge on SP. The challenge is how to address the complexity of a common model for
both speech and visual output and avoid ad hoc treatment of
coarticulation.
Additional challenges arise from the ground-breaking nature of the required research. For SSIs, the only works on
the literature addressing EP are those by Freitas et al., e.g.
[12, 13, 15, 18], and much work is yet to be done regarding
the exploration of non-invasive technologies.

This paper presents ongoing research project MEMNON. To
move beyond the current state-of-the-art for speech production
(SP) studies, and profiting from the team’s strong background in
this field, this project advances the body of knowledge regarding
SP of European Portuguese, based on multimodal (e.g., rtMRI,
US) acquisition, processing, and analysis of speech production
data, and applies novel and existing knowledge to propose innovative contributions to articulatory-based audiovisual speech
synthesis and silent speech interfaces, serving both research and
interaction.
Index Terms: speech production studies real-time MRI, datadriven analysis, audiovisual speech synthesis, silent speech interfaces

1. Context and Motivation
The use of speech, our natural form of communication, is expected to improve our interaction with machines, but, its efficient use for interaction, challenges state-of-the-art speech
technology and the available knowledge on Human-Human and
Human-Machine communication.
Nowadays, information regarding SP can be obtained using
a wide range of technologies such as electromagnetic midsagittal articulography (EMA), magnetic resonance imaging (MRI),
real-time MRI (rtMRI), ultrasound (US), and surface electromyography (EMG). These technologies provide resources to
advance many subareas of speech research, from Phonetics to
speech synthesis/recognition and silent speech interface (SSI),
benefiting, e.g., the speech impaired, and contributing to the
definition of normality in health applications (e.g. speech therapy), improving diagnostic/ intervention. Among the different technologies supporting speech production studies (SPS),
rtMRI [1] and US [1] are increasingly used and result in large
amounts of data to be processed. For imaging techniques, analysis mostly relies on subjective evaluations (e.g. visual comparison of vocal tract contours) hindering replicability and computational approaches. Without a proper approach to these aspects, SPS tend to provide results below the potential of the
technologies used. Therefore, in the context of SPS, it is very
important to propose methods to handle the data, providing
the extraction and quantitative assessment of relevant features
and addressing challenges concerning the access to high dimensional datasets, storage/retrieval of the collected and generated
data and the proposal of adequate processing and analysis methods. Tackling these challenges is a precondition for advancing
the stateof-the-art in SPS.

3. Project MEMNON
To tackle the challenges identified above, our team proposed
project MEMNON. Its main goals and overall approach are
summarized in what follows.
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3.1. Main Areas of Actuation

nologies such as US, used as ground truth for the movement
of the tongue, non-invasive technologies can be explored for
their ability to provide articulatory data and fused to improve
recognition performance. Finally, a prototype articulatorySSI system will be developed and tested.

Overall, project MEMNON is grounded on the pursuit of research that advances our knowledge on the more basic aspects,
contributing to speech science, but motivated and challenged
by its application in real scenarios. Therefore, this project reflects such vision by considering contributions in three different levels: 1) consideration of multiple technologies to obtain
speech data and advance the body of knowledge for EP sounds
description; 2) consideration of articulatory descriptions to advance science for SP modeling, oriented to synthesis, working
to support research; and 3) taking articulatory data and modeling a step forward to propose advanced speech-based human
computer interaction technologies relevant for different scenarios such as Speech Therapy and Ambient Assisted Living.

4. Results Overview
This section presents an overview of the results obtained, so far,
in the scope of project MEMNON. For a more detailed description of methods and outcomes, the reader is forwarded to the
authors’ references provided along the text.
4.1. New speech production data
To go beyond our previous research and, particularly to address
the study of the dynamics and coordination of nasals and diphthongs, data from the whole vocal tract is needed at a higher
frame rate than our previous data (14fps).
In a collaboration with the Institute of Phonetics and Speech
Processing, LMU Munich, Germany, under the scope of project
’Synchronic variability and change in European Portuguese’,
led by Conceição Cunha, we have been able to work on the
definition and acquisitions of a novel high frame rate RT-MRI
dataset.
The recordings were performed at the Max-Planck-Institute
in Göttingen, 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 [20].
The procedure allowed for real-time image sequences of the
vocal tract in a midsagittal plane of the speaker at 50 fps.
Speech sound was synchronously recorded using an optical microphone.
The corpus consists of lexical words containing: 1) all EP
oral and nasal vowels in one/two syllable words; 2) oral and
nasal diphthongs including alternations of nasal monophthongs
and diphthongs as in ’som’ (’sound’) and ’são’ (’they are’),
recorded for further investigation of variability in the production of nasality.

3.2. Overall Structure and Methods
MEMNON relies on an interdisciplinary approach combining
researchers, knowledge and methods from Speech Science, Interaction, Image Processing, Phonetics, Imagiology, Mathematics, Visualization and Computer Science. The research is organized in five parallel activities:
• Data Acquisition — Our approach to the problems and challenges described above is grounded on the acquisition of
novel databases covering different aspects of SP in EP. This
workpackage defines the corpora to consider and technologies (e.g., rtMRI, US), based on initial requirements set by
the remaining lines of research.
• Data Processing and Analysis Methods — explores novel
methods to process the acquired data (rtMRI, US, video, etc.)
as required by the remaining activities (tongue positioning,
velar dynamics, etc). Besides investing on novel methods to
extract features from the data (e.g., tongue contour in US images), one important goal is to propose and test statistical and
data-driven methods [] for the automatic determination of important articulatory features such as critical articulators and
gestures.
• Study of Dynamic Sounds — This will profit from the new
SP databases and the main goal is to serve the study of EP
oral and nasal diphthongs. Vowels, particularly oral ones, will
also be included to allow comparisons. As some of the diphthongs are unstable, dependent on the speed of articulation, at
least two different rates - one faster than the usual production
of the subject - will be contemplated.
• Audiovisual Speech Synthesis — We take our experience in
articulatory speech synthesis [], capitalize on the gestural descriptions provided by the research on dynamic sounds, and
propose that audiovisual speech synthesis can be performed
by using the articulatory parameters (considered for articulatory speech synthesis) to animate an advanced 3D avatar
obtained from the company Face in Motion during a technological transfer in the scope of Marie Curie IAPP project IRIS
(ref. 610986) [19] and currently in the market by the company MyDidimo. Furthermore, we propose, system should
not be proposed isolated, but integrated in a framework including an interaction modality, to ease its deployment, and
an evaluation module supporting the implementation of different methods (e.g. perceptual tests and unsupervised evaluation) to perform validation and inform development.
• Silent Speech Interfaces — will acquire a new multimodal
dataset contemplating non-invasive technologies e.g., RGBD
video. This new data, based on corpora specifically tailored
to cover different aspects of EP, will allow assessing the complementarity of the different technologies. Based on tech-

4.2. MRI processing platform
MEMNON’s MRI processing platform [21] aims to support
speech production studies by providing researchers support to:
1) organize, annotate and process data; 2) off-the-shelf processing components, this way allowing them to create more complex processing pipelines; 3) collaboration and distribution of
tasks (e.g., data revision) among multiple speech researchers;
and 4) allow a ubiquitous access to the resources.
The platform’s architecture is presented, to the left, in Figure 1. The platform runs in the cloud, allowing users to access
it almost from any computational device.The user interacts with
the platform throw a back-end module, this module manages interaction between user and system. It enables the access to the
processing pipeline and data analyses. The Processing pipeline,
executes all the intensive computational operation, such as image segmentations. The data analyses executes the tasks need to
extract meaningful information from segmented data, e.g. distances between articulators. At this point, and profiting from
a large set of already annotated and revised images, other solutions for image segmentation are being considered exploring
machine learning approaches.
In its current state, the platform allows speech production
researchers to upload acquisitions of RT-MRI data and organize
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Figure 1: Details regarding MEMNON’s MRI processing and analysis platform. From left to right: overall architecture, visualization
and revision of vocal tract profile, and analysis of articulator movement, over time.
tative of the vocal tract configuration for each sound, a higher
frame rate, might enable capturing key moments of articulation,
e.g., alveolar contact for the /n/.
At the onset of MEMNON, and to address these aspects,
the authors [26] explored the novel 50Hz RT-MRI data showing
both the applicability of the methods along with an improvement of the results. At this point, the vocal tract configurations
serving as input for the method were defined as sets of landmarks placed on the lips, tongue surface, and velum, to gather
data similar to what was possible with EMA, mimicking the
original application of the method in order to establish its applicability considering the novel data. However, the data available from RT-MRI can potentiate the consideration of different
tract variables beyond landmarks. In this regard, the authors
have explored tract variables aligned with the Task Dynamics
framework [27], adopting the concept of constrictions (except
for the velum), showing them as an alternative that was more
compact (less variables involved) and provided interesting critical articulator results with the advantage of a more direct relation with existing Articulatory Phonology descriptions and,
hence, fostering an easier discussion based on the existing literature. In the most recent work, in this regard, the team explored
a novel representation for the velum, to completely avoid landmarks, and considering both the orovelar and velopharyngeal
passages [28].

it into projects. It also provides methods for the semi-automatic
extraction of the vocal tract outline by requiring the manual
segmentation of a small set of MRI images which the platform
then uses to train a model and segment the complete set of images [22]. In this regard, the platform also provides users with a
simple method to revise the automatic segmentation (see Figure
1, at the center), supporting the attribution of revision tasks to
different users of the platform.
At this stage, the platform also provides first versions of
methods for data analyses, e.g., lip or velopharyngeal passage
aperture along the production of a particular sound (see Figure
1, on the right). One important aspect regarding this latter feature is the possibility to filter the considered data based on the
desired targets, contexts, and words of the corpus.
Finally, and to enable a more versatile use of the data, e.g.,
for prototypng of novel methods using other tools, such as Matlab or R, the platform also provides services to retrieve raw data
based on specific filters. An API responds to requests done by
third party scripts, with a filtered list of the requested segmentation in JSON format.
4.3. Analysis of Speech Production Data
The resulting speech production data creates a set of challenges
concerning how to deal with the its complexity and size, but
also a range of opportunities to explore data-driven methods
for speech production studies. Our first approaches to obtain
the vocal tract data from the RT-MRI images are grounded
on earlier work regarding vocal tract segmentation from RTMRI [22]. The following sections provide a short overview
of MEMNON’s contributions regarding data-driven analysis of
speech production data.

4.3.2. Analysis of EP nasals dynamics
Regarding the oral configuration of EP nasal vowels, we started
by exploring a new quantitative method to systematically evaluate articulatory information [29]. The method provides new
insights of the oral adjustments in nasal vowels resorting to
constriction location and degree as variables to describe the vocal tract configuration aligned with the Articulatory Phonology
framework.
More recently, and taking into consideration a set of methods proposed by Carigan et al. [30], the RT-MRI data of 11
speakers was processed to explore how generalized additive
mixed models (GAMMs) and functional linear mixed models
(FLMMs) might contribute to the analysis of nasal vowel dynamics and coordination. In this regard, GAAMs were computed for the tract aperture function, over time, and FLMMs
were computed for tract apertures at 20%, 50% and 80% of the
vowel interval to provide a more detailed analysis of vocal tract
configuration at specific time points (beginning, middle and end
of the vowel).
Additionally, FLMMs were also used to model lips and
velum aperture over time. Figure 2 presents an example of the

4.3.1. Critical Articulators
The study of critical articulators (and gestures) is relevant for
different aspects of our research. First, it informs advancing
our previous work regarding the phonological descriptions of
EP sounds [23] and, second, it provides information that can be
used to model EP sounds in articulatory synthesis [4].
In earlier work [24], the authors demonstrated that critical
articulator could be identified by extending the applicability of
the method proposed for EMA data by Jackson and Singampalli [25] to MRI data. Those first results were obtained for RTMRI at 14Hz and, since the original method worked with 100
Hz EMA, the question remained regarding if higher RT-MRI
frame rates, along with a larger dataset, could have a positive
impact on the outcomes. Since one frame is used as represen-
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FLMM of lips and velum for the vowel [a], and a detailed report
of these results has also been submitted to this conference [31].

Figure 2: Lip and velar aperture, over time, for vowels [a], in
red, and [5̃], in blue, obtained by applying FLMMs to the data
obtained from 11 EP speakers. The plot also shows the data
corresponding to the flanking consonants [p] (before 0.33) and
[t] (after 0.66).
4.4. Audiovisual Speech Synthesis
The work regarding audiovisual speech synthesis considering
an articulatory approache evolves previous work performed in
Marie Curie IAPP project IRIS [32] and is grounded on the vision described by our team to advance the field [24].
Continuing the previous work on articulatory audio-visual
synthesis (AVS) system, several improvements were made. Figure 3 A) presents the complete architecture of the system, with
all the modules. In summary, the system receives, as input, a
sentence in European Portuguese, converts it from grapheme to
phoneme (G2P), applies syllabification, and this is injected in
the Task Dynamics model to compute articulator trajectories.
These, are then used to manipulate rigs in a photorealistic 3D
model. The most significant updates, in the scope of MEMNON, were the creation of two new modules supporting G2P
and syllabification. The implementation of these modules uses
machine learning methods to process the data.
One of aspects that is being addressed concerns the quality
of the output audio that is currently provided by an articulatory
synthesizer. The goal is to profit from the advantages of having
an articulatory approach (e.g., with individual control over the
articulators), but improve the audio quality. To this end, some
exploration is currently ongoing with WaveGlow [33], trying to
improve the speech synthesis module.
To foster easier integration of this audiovisual synthesis
system in applications, e.g., for evaluation, it was developed a
first prototype interaction modality, aligned with the W3C recommendation for multimodal interaction systems and supporting multi-device interaction [34]. The modality is composed of
different modules: 1) on the user side runs a part of the modality, the viewer; 2) in a cloud server runs the other part of the
modality were the avatar is generated, also this part communicates with the modality support services and the Interaction
Manager. The overall architecture of the multimodal system and
modality is presented in Figure 3B) and in Figure 3C) a preview
of the interface of the modality showing the AVS stream.

Figure 3: A) Audio-Visual Speech system architecture; B) Architecture of the modality in a multimodal system; B) Preview
of the AVS modality
and results and an evangelization for the relevance of speech
production studies.
At this point, we have started dynamic analysis of the RTMRI data with first results regarding oral and nasal vowel coordination and are advancing an online platform to support the
speech production studies workflow.
Currently, the line of work deserving the strongest research
efforts is silent speech interfaces exploring non-invasive technologies in line with previous efforts of the team, e.g., with ultrasonic Doppler. The outcomes of this effort should inform the
proposal of novel interactive technologies suitable, for instance,
in the scope of recent AAL Programme project APH-ALARM
in which our team is collaborating to propose assistive technologies for aphasia scenarios.

4.5. Silent Speech Interfaces
The work on silent speech is also ongoing and the team expects
to have first results of exploring noninvasive technologies in the
near future.
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5. Conclusions
This paper presents research project MEMNON, focusing on
the motivation and challenges considered at its genesis, the
adopted approach, and highlights of already achieved results.
This overall report aims at both dissemination of the methods
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