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In this paper we evaluate the accuracy, recording interference, and articulatory quality of two different ul-
trasound probe stabilization headsets: a metallic Ultrasound Stabilisation Headset (USH) and UltraFit, a re-
cently developed headset that is 3D printed in Nylon. To evaluate accuracy, we recorded three native speak-
ers of German with different head sizes using an optical marker tracking system that provides sub-millimeter
tracking accuracy (NaturalPoint OptiTrack Expression). The speakers had to read C;V;C,V;,, non-words (to
diminish lexical influences) in three conditions: wearing the USH headset, wearing the UltraFit headset, and
without a headset. To estimate the relative headset movement, we measured the movement between tracked
points on the probe, headset, and speaker’s nose. By also tracking visual marker points on the speaker’s lip
and chin, we compared the movement of the outer articulators with and without a headset and, thereby, mea-
sured how the headsets interfere with the articulatory space of the speaker. Additionally, we computed the
differences in tongue profiles at the acoustic midpoint of V; under the three conditions and evaluated the ar-
ticulatory recording quality with a distance index and an area index. In the final evaluation, we also compared
formant measurements of recordings with and without headsets. With this objective evaluation we provide a
systematic analysis of different headsets for Ultrasound Tongue Imaging (UTI) and also contribute to the dis-
cussion of using UTI stabilization headsets for recording natural speech. We show that both headsets have
a similar accuracy, with the USH performing slightly better overall but introducing the largest error for one
speaker, and that the UltraFit headset shows more flexibility during recordings. Each headset influences the
lip opening differently. Concerning the tongue movement, there are no significant differences between differ-
ent sessions, showing the stability of both headsets during the recordings. Acoustic analysis of formant differ-
ences in vowels revealed that the USH headset has a larger influence on formant production than the UltraFit
headset.

1. Introduction

Ultrasound Tongue Imaging (UTI) is a medical-derived technique
developed within articulatory phonetics to study real-time and offline
tongue movements during speech (Stone, 2005). In the last decade, the
technique, which appeared on the scene in the early 1980s (Shawker and
Sonies Phd, 1984), has made progress both on the technical side, with
the introduction of systems that are increasingly performing well in
terms of spatial and temporal resolution (de Jong et al., 2019); and on
the methodological side, with the development of techniques for the
analysis of static and dynamic data that are increasingly informative
(Pini et al., 2019).

* Corresponding author.

In addition to analyses of articulatory phonetics, the UTI technique
is also well suited to technological (Hueber et al., 2010; Fabre et al.,
2017), educational (Wilson and Gick, 2006; Nakai et al., 2016; Ribeiro
et al., 2019) and clinical (Preston et al., 2016) applications. Among the
technological applications, the most interesting ones are silent speech
interfaces, which are systems that allow speech communication without
audible vocalization (Bruce et al., 2010).

Among the educational and clinical applications, interfaces have
been developed that allow for visualization - also in mixed reality en-
vironments - of the tongue profile, which can improve speech articula-
tion thanks to the positive action of the visual feedback (Eleanor et al.,
2019).
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Whatever the field of application of UTI, one of the open issues is
the stabilization of the ultrasound probe under the chin of the speaker
to enable the definition of a fixed reference system for analysis or ob-
servations (Davidson and Decker, 2005). Although the resolution of this
problem is felt differently by those who use the technique for research
purposes or clinical practice, in recent years a number of ideas have
been proposed to solve it; these include, for example the usage of me-
chanical systems (Stone and Davis, 1995; Scobbie et al., 2008; Davidson
and Decker, 2005; Cai et al., 2011; Derrick et al., 2015; 2018); or soft-
ware (Whalen et al., 2005); or simply holding the ultrasound probe by
hand (Zharkova et al., 2015).

In this contribution we intend to deepen the evaluation of one
of those solutions, the UltraFit headset (see Fig. 1) developed by
Matosova (2016) and subsequently perfected and marketed by Articu-
late Instruments, and compare it with the Ultrasound Stabilisation Head-
set (USH) developed and marketed until 2018 by the same company
(Scobbie et al., 2008; Articulate Instruments Ltd., 2008). The evalua-
tion and comparison are relevant because the USH is among the most
used stabilization devices in articulatory phonetics laboratories around
the world.

The two headsets differ first in the material with which they are
made: UltraFit is made of nylon, a synthetic polymer, while USH is made
of aluminium, a non magnetic metal. A previous paper (Spreafico et al.,
2017) described the process of developing the UltraFit headset and an-
alyzed its usability.

The difference in the choice of materials has repercussions for many
other aspects. First, it affects the shape of the UltraFit headset, because
the polymer can be printed in 3D, enabling the headset to obtain a more
organic shape, which is better with regard to both the fit and the ma-
neuverability of the headset during setup, as well as with regard to the
stability of the headset. Second, the choice of the polymer has posi-
tive repercussions for the weight, which is less than the metal headset.
This is likely to be reflected in greater tolerability during prolonged ses-
sions of use. Finally, the choice has an advantage in terms of integration
with other techniques for investigating speech articulation. If necessary,
the headset can be assembled without using metallic screws and bolts,
thus, for example, ensuring compatibility in data collection sessions in-
volving the use of Electromagnetic Articulography (EMA) or Magnetic
Resonance Imaging (MRI).

Despite the many advantages, the accuracy of the measurements
achievable using the UltraFit system remained to be tested. A prelim-
inary assessment of the stability and accuracy of UltraFit was made by

84

Speech Communication 123 (2020) 83-97

Fig. 1. Exploded view of the UltraFit system.

recording a speaker and showing that the overall error range of the head-
set movement for this speaker lay within 3 mm, with most errors lying
in a 1-2 mm range (Spreafico et al., 2018).

Hence, in this paper we compare the accuracy of two different head-
sets “USH and UltraFit” by using data from three different speakers an-
alyzed in reference to visual data about the movements of the headset.
These movements were detectable externally using an optical tracking
system. Additionally, we report acoustic data on the production of vow-
els and articulatory data on discrepancies detectable in the positioning
of the tongue. Furthermore, we compare the results to acoustic and vi-
sual recordings of natural speech with and without wearing the headset.

This paper is organized as follows: In Section 2 we describe the vi-
sual, articulatory, and acoustic recordings. In Section 3 we present the
analysis based on the visual data, which shows the accuracy of the head-
set and it’s influence on mouth opening. Section 4 contains the analysis
of the headsets based on articulatory data and Section 5 those based on
formants derived from acoustic data. Section 7 concludes the paper.

2. Data elicitation

For the evaluation of the accuracy of the two headsets shown in
Fig. 2, we designed and ran a dedicated experiment. The experiment in-
volved three informants. All informants were German native speakers of
Standard Austrian German or Standard German German. The informants
were characterized by having heads of different circumference, so as to
highlight whether this parameter affects the stability of the helmet and
therefore the accuracy of the measurement. The first speaker (spk1), fe-
male, had a small head size (53 cm in circumference); the second (spk2),
male, had an average circumference (57 cm); the third (spk3), male, had
a large circumference (60 cm).

Each speaker was seated in front of a computer in a semi-anechoic
booth, and was instructed to read aloud the stimuli presented to
him/her. The stimuli consisted of the following non-words of the type
C,V;1C,Vy , repeated three times: /’paka ’paka ’paka/, /’taka ’taka
’taka/, /’tuki 'tuki ’tuki/, /’tipi ’tipi ’tipi/. Each non-word, pronounced
with a trochaic stress in accordance with German phonotactics, was re-
peated three times during each recording session.

Each session began with a silence trial in which the speakers were
instructed to keep the tongue in rest position and ended with a swallow
trial. Each speaker attended three recording sessions: one wearing the
metal helmet, one wearing the polymer helmet, one without helmets.
During each session visual and synchronized articulatory and acoustic
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Fig. 2. UltraFit headset (left) and Ultrasound
Stabilisation Headset (USH) (right).
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Fig. 3. Visual marker configuration (top). Video still from recordings (bottom). Natural - spk2 (left column), UltraFit - spk3 (middle column), and USH - spk1 (right
column) recording condition.
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Fig. 4. Distribution of Euclidean distance between nose marker 1 and nose marker 2 for speech in UltraFit (top), and USH (bottom) condition..

data was collected. Altogether, the database contains 648 trials, namely
216 for each speaker.

2.1. Visual recordings

Facial movement was recorded using a NaturalPoint OptiTrack Ex-
pression system using seven FLEX:V100R2 infrared cameras. This sys-
tem records the 3D position of reflective markers glued to the speakers
face at 100 Hz.

We recorded the speakers without headset (natural), with the UltraFit
headset (UltraFit) and with the USH (USH). The helmets were fixed by
the same operator as firmly as possible to the head of the speakers.
Regarding UltraFit, the auxiliary Velcro straps were not used to stabilise
the probe arm laterally. The natural recordings were made to compare
the lip opening with and without headsets. Depending on the recording
condition we glued markers to the speaker’s nose, the lips and jaw, the
headset, and the ultrasound probe as shown in Fig. 3 for one speaker.!
Here we only need a reduced set of markers, in previous work we used
this system to record a full set of facial markers for facial animation
(Schabus et al., 2014).

Additionally we also use the four headband markers that are used
to remove head movement from the recordings. For the evaluation we
use the output of the system directly without applying any manual cor-
rections. Table 1 also shows the different marker configurations for the
different conditions. Markers on the nose are also used to measure the
inherent error of the system, distances between nose and probe mark-

1 The adhesive tape on the USH headset was used to cover glossy parts and
thereby improve the visual tracking robustness.
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Table 1
Number of markers per location / con-
dition.

Natural UltraFit/USH

Headband 4
Nose 2
Lips 2
Jaw 3
Headset 0
Probe 0

1

—_— NN WNN N

—_

ers are used for measuring the error of the recordings, and distances
between lip markers are used to compare mouth opening.

The different head sizes of the speakers are also indicated by the dis-
tances between nose and probe markers in Fig. 5. Fig. 3 shows the dif-
ferent marker configurations for spk1-spk3. Spk3 is a Standard German
German speaker, spkl and spk2 are Standard Austrian German speakers.

2.2. Articulatory recordings

The analysis of articulatory data is of value because it can lead to the
detection of differences between the two headsets that are not detectable
by the analysis of visual recordings only. While the visual recordings re-
ferred to in Sections 2.1 and 3 are based on the observation of reflective
markers in direct or indirect contact with the skin (which is independent
from the position of the tongue), those referred to in this Section and
Section 4 are based on the observation of ultrasound recordings from
the probe, the fixation of which is why the headsets were developed.
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Fig. 5. Distribution of Euclidean distance between nose marker 1 and probe marker 1 for speech (top) and silence (bottom) in the UltraFit condition. Spk1 (left

column), spk2 (middle column), spk3 (right column).

The experimental data concern only the sets of recordings in which
the speakers wore headsets. In fact, collecting ultrasound data by fixing
the probe under the speaker’s chin by hand would not guarantee reliable
results for comparing the accuracy of the stabilization devices.

The articulatory recordings were made using the Micro Speech Re-
search Ultrasound System (Articulate Instruments Ltd., 2017b) mar-
keted by Articulate Assistant Advanced™ coupled to the 5-8 MHz mi-
croconvex probe. The weight of the probe and two-thirds of the length
of the hanging cable, excluding the weight of the connector, is 0.17 kg.
This value should be taken into account because recent modelling work
(Canella, 2019) has shown that the stability of UltraFit (and, therefore
accuracy) is strongly influenced by the mass of the ultrasound probe.
Ultrasound tongue imaging data was recorded with a fixed field of view
of 150 degrees, at depths varying from 70 mm to 80 mm, at a sampling
rate varying from 85 fps to 95 fps. The collected data was analyzed
using the Articulate Assistant Advanced™ software (AAA, v. 2.17.10;
(Articulate Instruments Ltd., 2017a)).

With regard to the recording of articulatory UTI data, it is necessary
to highlight some possible methodological criticalities. In fact, all the
sessions took place on the same day and involved the same researchers,
so as to try to partly mitigate the problems related to the reproducibility
and repeatability requirements of data analysis involving biomarkers
(Toeger et al., 2017).

Unfortunately, in an absolute sense this was impossible. In particu-
lar, the most difficult factors to control were operator variability, tech-
nical variability and image analysis variability for articulatory UTI data.
With reference to the first factor, it was possible to exclude the inter-
operator variability because the set-up of the articulatory instrumenta-
tion was entrusted to two researchers specialized in the practice. How-
ever, given the duration of the experiments, it was not possible to control
or estimate a possible intra-operator variability.

With reference to the second factor, technical variability, the
anatomical differences of the subjects concerning both the size of the
head (intentional) and the shape of the chin and the mouth cavity (non-
intentional) did not allow the repositioning of the ultrasound probe in
anatomically identical positions for each of the three subjects. However,
during the elicitation phase of the articulatory data - a subject that will
be discussed in more detail in Section 4 - an attempt was made to find a
functional correspondence of the images, orienting the ultrasound probe
so as to include the points of contact between tongue and palate for the
consonants /k/ and /t/. Since for our study we are mainly interested
in the within speaker not the between speaker variability the technical
variability is less critical.

Finally, with reference to the third factor, for the processing of the
articulatory data and the extraction of the relative values it was neces-
sary to adopt a semi-automatic analysis technique that also requires the
initial manual definition of the language profile. Although the operation
was entrusted to the same researcher, also in this case it is not possible
to exclude a possible intra-operator variability.

2.3. Acoustic recordings

Acoustic recordings were conducted using a desk microphone and
a USB audio interface (Focusrite Scarlett Solo) with a sampling rate of
44.1 kHz in a semi-anechoic booth.
3. Analysis of visual data

3.1. Accuracy

Measuring the distance between different visual markers allows
for the measurement of the movement of the headset relative to the
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Fig. 6. Distribution of Euclidean distance between nose marker 1 and probe marker 1 for speech (top) and silence (bottom) in the USH condition. Spk1 (left column),

spk2 (middle column), spk3 (right column).

speaker’s head. With no movement the distance of the markers should
stay fixed with no variance. To measure the movement of the probe
in relation to the speaker’s head we measure the distance between a
marker on the nose and a marker on the probe. To measure the internal
error of the visual tracking system we measure the distance between the
two nose markers. These two types of measures allow us to evaluate the
accuracy of the headsets.

To measure the error of the recording setup we measured the dis-
tance between both nose markers, assuming that there is only little
change in distance between the nose markers. Small changes are pos-
sible between the nose markers, when the speaker produces a facial
movement that includes movement of the face.

So any changes in the nose-nose distance measurements can then
be attributed to the visual tracking hardware and software, or small
movements of the nose. The distribution of the nose-nose error is shown
on Fig. 4. The range in millimeter (mm) in the title of each sub-figure
is given for the 2.5th to the 97.5th percentile (first number) and for the
25th to 75th percentile of the data (second number).

We can see that the error is between 0.1 mm and 0.6 mm for 50%
of the data for all speakers, and between 0.3 mm and 1.1 mm for 95%
of the data for all speakers, such that we can conclude that the system
performs with sub-millimeter accuracy almost all the time. For the USH
condition (bottom) there is a slightly larger error of 1.1 mm (spk1), 1
mm (spk2), and 0.7 mm (spk3) for the 2.5th to 97.5th percentile.

Fig. 5 and 6 shows the Euclidean distances between the 3D points
nose marker 1 and probe marker 1 for the whole recording session for
the three speakers. This shows the error of the UTI headset during the
recording session.

We can see that the maximum error in the 2.5th to 97.5th percentile
is 3.5 mm for UltraFit and 4.2 mm for USH. The values for UltraFit

in the 2.5th to to 97.5th percentile range from 0.6 - 3.5 mm, for USH
from 1.0 - 4.2 mm. The head circumference can also be indirectly seen
in the distances between nose and probe markers on the y-axis for the
UltraFit condition, for the USH condition this relation does not hold due
to different placements of the ultrasound probe for the three speakers.

We can see that the largest error occurs for the USH condition with
4.2 mm for spk3, although this speaker has a low intrinsic error of 0.6
mm as shown in Fig. 4. This shows that the nose-probe error is not
dependent of the nose-nose error.

An F-test was performed to test if the samples are from a distribution
with the same variance and significant differences (p < .001) were found
for all speakers between the two conditions (UltraFit vs. USH). For spk1
and spk2 USH shows a higher accuracy, for spk3 UltraFit shows a higher
accuracy. Since the accuracy values of both conditions are in a similar
range we may conclude that both headsets have a similar performance
with the USH being slightly better.

Figs. 7 and 8 shows the distributions for the individual coordinates
(x, y, 2). This shows the error of the ultrasound headset in the different
dimensions. To measure the movement in the different coordinates we
have to remove the head movement first. This is done by using the four
points of the headband, although we observed small movements of the
head band during the recordings due to movements of the forehead. This
is likely to have introduced errors in the numbers shown in Figs. 7 and
8. The fixing of the headband markers was easier with the USH than
with the UltraFit condition. Furthermore one change of position of the
headband markers introduces an error that is then present during the
rest of the recordings.

The large errors especially for the UltraFit condition (Fig. 7) of
22.2 mm for spkl and 33.6 mm for spk2 can be explained by the errors
introduced through head movement removal. If we simply compute the
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Table 2

Distribution of Euclidean distance be-
tween nose marker 1 and probe marker
1 for speech before and after head move-
ment removal for the UltraFit headset.

Spkl  Spk2 Spk3
Range before 3.3 2.7 3.5
removal
Range after 9 135 2.6
removal
Difference -5.7 -10.8 0.9

distances between nose and probe marker from the data where head
movement was removed and compare it with the distances in Fig. 5 we
get 3.3 vs 9.0 mm (speech of spk1) and 2.7 vs 13.5 mm (speech of spk2)
as shown in Table 2.

What we can still infer from Figs. 7 and 8 is that the largest error
lies in the z-direction that is from the speakers head into the direction
of the microphone.

To investigate the dynamics of recordings Figs. 9 and 10 show the
distances for the first silence and speech, and last speech recordings for
UltraFit and USH condition. In this way we can evaluate if there are
changes during the recording session.

As can be seen in Fig. 9 the UltraFit is more flexible since it allows for
expansion during the recording session from a smaller size in the first
silence and then expanding during the recording. For the USH in com-
parison the median values do not change so much during the recordings.

A Wilcoxon rank sum test for equal medians shows significant (p <
.001) differences between the first silence recording (sill) and the fourth
speech recording (sp4) for the UltraFit condition for all three speakers
and for the USH condition for spk2 and spk3.

920

3.2. Recording interference

By recording visual markers at the outer articulators (lip, jaw) in the
natural and two headset conditions we are able to measure if there is
a difference between these recording conditions, which can be due to
constraints that are set by the headsets leading to hypo- or hyperarticu-
lation.

Fig. 11 shows the amount of lip opening during the recordings, which
was measured by the distance between the upper and lower lip marker
in cm. It can be seen that the largest difference between the three con-
ditions appears at the rounded /u/ vowel (leftmost Figure), which indi-
cates a larger amount of rounding of /u/ vowels in the USH condition
(hyperarticulation), and a lower amount of rounding in the UltraFit con-
dition (hypoarticulation).

The production of the /a/ vowel shows a very similar distribution
for all three conditions. In /i/ vowels there are also small differences
between the three conditions.

4. Analysis of articulatory data

During the experiment, the transition from the metal headset to the
polymer headset forced the researchers to re-position the ultrasound
probe. This re-positioning was done without any aid that would ensure
that the probe was positioned in the identical location for both record-
ing sessions. Because of this, each time the probe was re-positioned, a
new spatial reference system was defined (Stone, 2005), differences in
transducer angles relative to the head were introduced and different por-
tions of the tongue and palate were visualized. This made it difficult to
run a direct comparison of tongue and palate profiles in the two record-
ing sessions of the same speaker and between the recording sessions of
the different speakers (Pini et al., 2019). Therefore, in order to evaluate
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5 Lip opening for vowel /u/

4 Lip opening for vowel /i/

5 Lip opening for vowel /a/

: Natural
) 12} 3t UltraFit
I USH
1t 25}t
0.8}
f | 08} 2| \
gosf g g |
‘ 0.6 15} |
04+ | ‘
| 04}t } 1
| 1
021 02} f L { o5} \} ‘
oL— A | oL— }_.A | ob— \\‘\_A_ |
0 2 4 6 0 2 4 6 0 2 4 6

Opening in cm

Opening in cm

Opening in cm

Fig. 11. Lip opening measured by distance of upper and lower lip marker for the vowels /u, i, a/..

the differences between the two headsets, we compared two indices a
posteriori.

The first index considered is the distance between the ultrasound
probe and the tongue profile. This distance is measured along the cen-
tral radius of the fan superimposed on each ultrasound image by the
software AAA (see Fig. 12). The choice of the radius is deliberate; since
the depth setting of the ultrasound system is calibrated by taking this
segment as a rough reference, a clear image of the tongue surface with a
high spatial resolution is expected to always be on this radius, allowing
for more accurate measurements to be obtained. This decision is similar
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to the one discussed by Vietti et al. (2015) which has also proven to be
accurate enough to solve the task of word recognition from ultrasonic
tongue images (Alessandro et al., 2015). Since this index is based on
the measurement of the maximum tongue displacement for the radius
in question, any low quality palate images are irrelevant.

The second index considered is the area of the geometric figure
shown in Fig. 13. The figure has four sides defined by the intersec-
tion of the following: (a) the profile of the tongue of the speaker
(AD line); (b) the line joining the place of articulation of /¢/ and /k/
(BC line); (c) and (d) the radii joining the origin of the ultrasound
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probe with the place of articulation of /z/ (line AB) and /k/ (line CD),
respectively.

The choice to use the BC segment as the upper side of the geometric
figure instead of the more usual palate profile is due to the low qual-
ity of the ultrasound images during swallowing, namely those images
that are used, typically, for the reconstruction of the palate profile it-
self (Epstein and Stone, 2005). Moreover, the decision to consider the
places of articulation of /7/ and /k/ as points of reference because of
the disappearance of the tongue profile from the ultrasound image due
to the contact with the dental alveoli and the palate, respectively, was
made because of the need to locate a region of the vocal tract that is
significant for the production of linguistic sounds. This decision partly
takes over the decision taken by Spreafico et al. (2015), Recasens and
Rodriguez (2016), and Daniel and Clara (2018) to identify articulatory
zones.

Since one of the aims of the research was to show whether the size
of the speaker’s head affected the accuracy of the headset in any way,
the values of the second index have not been normalized so as to com-
pensate for the different vocal tract sizes of the three informants, hence
the following paragraphs show the results of the comparisons of the ab-
solute values of the measurements made for the area index.

In this section we refer to the values measured for the two indices
in reference to the production of the sequences /’taka ’taka ’taka/. The
choice falls on this pseudo-word only because it contains the vowel /a/,
which is supposed to determine the maximum displacement of the probe
(and, thus, of the headset) because it involves the maximum jaw open-
ing.
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Fig. 12. Radius used for the computation of the dis-
tance between the probe and the surface of the tongue.

Fig. 13. Area taken into account for the computation
of the area index.

Of the four repetitions recorded by each speaker, only the second,
third and fourth were considered. It was necessary to discard the first
repetition because in two cases out of three (spk1 and spk2) there were
synchronization problems between the audio and the ultrasound signal
that would affect the reliability of the data.

In addition, for each of the three repetitions, the values of the two
indices were calculated based on the acoustics at the midpoint of the
pronunciation of /a/. These values were extracted automatically after
manually identifying the coordinates for the area index and defining the
formula to calculate it using the “Analyse Value” function of the AAA
software.

A first box plot representation of the absolute values for the area
and distance indices shows that for each recording there is homogene-
ity in the variance of both. These differences are due to the fact that the
comparison concerns absolute values (expressed in cm? and cm) while
the size of each speaker’s head and, therefore, the positioning of head-
sets and probe, as well as the field of view and depth settings in the
ultrasound system, are different for each subject (see Fig. 14).

The values were compared with each other. The first comparison
concerned the variations in area and distance between the second, third
and fourth repetition of /’taka ’taka ’taka/ as pronounced by each of the
three speakers. The hypothesis was that if the headset had been moved
because of the cycles of pronunciation and swallowing, then the values
of the two indices would have changed from repetition to repetition.
However, since there are no significant differences between the three
repetitions (ANOVA, (p > 0.05)), it can be deduced that the position of
the ultrasound probe attached to the headset remains stable across all
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repetitions and recording sessions regardless of the type of headset or
speaker.

The second comparison concerned the variation of the area and dis-
tance indices between two recordings made by the same speaker wear-
ing the two types of headset. The objective in this case was not to check
for significant differences between the two indices when wearing Ultra-
Fit or USH because, for the reasons set out above (the re-positioning of
the probe), this was expected to be the case. Instead, the objective was
to verify whether the difference in the indices between the recordings
of the speakers with the polymer headset and the metal headset was
significant. Indeed, if this were the case, it could be deduced that the
difference is dependent on the type of headset used.

In fact, the results of the comparisons show that the differences
are significant for all speakers, and for both indices (t-test, area in-
dex: spk1 (p < .001), spk2 (p < .001), spk3 (p < .001); distance index: spk1
(p < .001), spk2 (p < .001), spk3 (p = .012). This may be due to variances
in absolute values related to the different sizes of the speakers’ heads
and to inconsistencies in the re-positioning of the headsets and the probe
between one session and the other.

We also report the absolute values of the differences between the
two indices because they are relevant for the purposes of our research.
According to the data, the differences are, on average, 175 mm? (spkl =
204 mm?; spk2 = 191 mm?2; spk3 = 128 mm?) for the area index and 2.1
mm for the distance index (spk1 = 2.6 mm; spk2 = 3.2 mm; spk3 = 0.4).
While the data relating to the area is more difficult to interpret because
it would also deserve a quantitative discussion of the differences in the
geometric figure, the data relating to the distance is very informative.

First, the linear distances from the origin of the probe to the tongue
surface detected with the polymer headset are always smaller than those
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detected with the metal headset, which could indicate a greater insertion
of the probe between the metal protuberances. Second, the average dif-
ference between the maximum and minimum measurements is always
lower for UltraFit (average: 2.3 mm) than for USH (average: 3.8 mm),
perhaps testifying to a greater stability of the probe’s positioning during
the experiment. Moreover, these last values are relevant because they
present orders of magnitude in line with those obtained from the anal-
ysis of the visual markers conducted with the NaturalPoint OptiTrack
Expression system.

5. Analysis of acoustic data

The acoustic analysis includes measurements of the formants F1 to
F3, and the duration of the stressed and unstressed vowels. The spectral
information was extracted using a semi-automatic procedure in PRAAT
(Boersma and Weenink, 2017).

The duration of the vowel was measured manually, relying on the
periodicity and amplitude of the waveform. The script calculated the
temporal midpoint of the interval (start and end of the vowel) and ex-
tracted the formants at these time points. Fourteen stimuli had to be
excluded due to technical problems during the recording, resulting in
634 stimuli as a basis for the formant analyses.

The formant analyses included separate analyses of the F1, the F2,
and combined measures of F1 and F2. In Fig. 15 the F1 (in Hz) val-
ues are given on the y-axis, the speakers and conditions (type of head-
set) are on the x-axis. As can be seen, the formant frequencies for F1
differ in regard of the speaker and condition. Furthermore, there is
much higher variability in spkl - female than in the other two speak-
ers. Regarding F2 (Fig. 15 bottom), all speakers display a higher vari-
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Fig. 15. Formant distributions for F1 (top) and F2 (bottom).

ability; however again spkl - female seems to have the most variable
production.

Fig. 16 displays the vowel space during the three conditions per
speaker, with the F1 on the x-axis and the F2 on the y-axis. The colors
differentiate the three conditions. Commensurate the three plots, the
formant analysis shows that the production of vowels is influenced by
condition and speaker. Furthermore, it seems as if the conditions natural
and UltraFit produce a much more similar vowel space than the USH,
indicating that the speakers were influenced to a higher degree by the
metal head in their vowel production.

To estimate the influence of the three conditions (Natural, UltraFit,
USH) and to account for the combination of the two dependent vari-
ables F1 and F2, we fitted a multivariate analysis of variance (MANOVA)
in R (R Core Team, 2018). The model found significant main effects
for speaker (F(4,129),p <.001), triplet (F(2,4.6),p =.01), condition
(F(4,3.1), p < .001), and target word (F (6, 1025), p < .001) on the formant
values of the stressed vowel. The follow-up ANOVA proofed that F1
and F2 show significant influence from speaker (F1: (F(2,417), p < .001)
F2: (F(2,417),p < .001)) and target word (F1: (F(3,417),p < .001), F2:
(F(3,417), p < .001)) but only F1 is influenced by triplet (F(1,417),p =
.003) and condition (F(2,417),p = .01).

For comparing the two headsets we are interested in the influence
of the recording condition, the other variables (speaker, triplet, tar-
get word) are expected to have an influence on the formants as also
revealed by the ANOVA. Only F1 not F2 is influenced by the record-
ing condition, since the probe restricts the jaw opening in the USH
and UltraFit condition, and the first formant is the most informative
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for restrictions in the jaw opening. F2 values are commonly associated
with back-front vowels and less likely to be influenced by the different
conditions.

Therefore we did a separate analysis (Linear Mixed Effect Model,
Imer using (Bates et al., 2015)) for F1 of each vowel to account for the
possibility of effects in different directions masking each other.

For the vowel /a/ the model revealed significant influences of the
repetition (#(210) = —2.927, p = .0038), no significant difference between
UltraFit and USH condition (#(210) = 0.888, p < .37), but a tendency for a
difference between USH and natural condition (#(210) = 1.697, p = .091).

For /i/ the model did not reveal significant effects neither for rep-
etition (#(96) = —0.49, p = .62) nor condition (UltraFit: #(96) = 1.170, p =
.245; natural: 1(96) = 0.53, p = .568).

For /u/ we found significant differences between USH and Ultra-
Fit condition (#(102) = 2.424, p = .017) and USH and natural condition
(#(102) = 2.536, p = .013) as well as a tendency for a influence of repeti-
tion (#(102) = —1.934, p = .056).

As is documented in the statistics and can also be seen in Figs. 16 and
17, the speakers are influenced by the headset condition. The influence
of condition on the vowel /a/ for F1 suggests that speakers were re-
stricted in their jaw opening to a greater extent in USH condition thereby
producing lower F1 and more centralized /a/ vowels (see Fig. 17). For
the vowel /u/ in USH condition also lower F1 was produced, which may
be attributed to general articulation restrictions since the lowering of
the jaw plays a minor role in the production of /u/ vowels (see Fig. 17).
Overall we can see that the USH condition had a larger influence on the
first formant then the UltraFit condition.
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Table 3
Overall evaluation of headsets.
USH UltraFit

Usability L8 8 85844 % e He Kk
Flexibility * Ko * %k Kk Kk k
Accuracy b 8.8 8 ¢ £ 8.8 8 ¢4
Lip opening b 2.2.2 254 kK k
Articulation *ok kTt hokkok
Formants kKK %k Kk k
Applications  ,kkxr  hkkkk

6. Discussion

The evaluation in this paper and previous work (Spreafico et al.,
2018) allows us to compare the two headsets along different dimensions
such as

Usability, concerning the usability from the side of the speaker wear-
ing the headset (comfort, easy to use) and the experimenter using
the headset (fixing the headset). UltraFit has a much better usabil-
ity since it is lighter and does not rest on parts of the head that can
induce pain (Spreafico et al., 2018).

Flexibility, concerning the possibilities to use the headset in different
recording setups together with visual tracking software MRI, etc.
Here also the UltraFit headset is more flexible, since it can be realized
completely in plastic material (Spreafico et al., 2018).

Accuracy, concerning the stability of the headset during recording,
which was evaluated in Subsection 3.1 where we showed that the
two headsets have similar accuracy.

e Lip opening, concerning the question if the headset influences
the opening of the lips in some way, which was evaluated in
Subsection 3.2 and showed that both headsets slightly influence the
lip opening.

Analysis of articulatory data in Section 4 showed that the position of
the ultrasound probe remains satisfactorily steady across recording
sessions regardless of the speaker or the type of headset.

¢ The formant analysis in Section 5 showed that the USH headset has
a larger influence on the production of the first formant F1.
Concerning application scenarios which are discussed in detail in
Spreafico et al. (2018) the UltraFit headset has the advantage of be-
ing more easily usable with children for educational purposes for
example.

L]

Table 3 shows a scoring of the two headsets according to a five-star
system that we derived from the overall evaluation.

7. Conclusion

We performed an objective evaluation of two headsets for Ultrasound
Tongue Imaging (UTI), the USH, a metallic headset used in many labo-
ratories today, and the UltraFit, a new headset made from polymer that
was recently developed.

Using optical tracking hardware and software we showed that both
headsets have a similar accuracy with the USH performing slightly bet-
ter overall but introducing the largest error for one speaker, and that the
UltraFit headset shows more flexibility during recordings. By measuring
also the lip movement with visual tracking we showed that both head-
sets have a different influence to lip opening. Concerning the tongue
movement there are no significant differences between different sessions
showing the stability of both headsets during the recordings. Acoustic
analysis of formant differences in vowels revealed that the USH headset
has a larger influence on formant production than the UltraFit headset.

With these results we may conclude that both headsets are equally
well suitable for recordings in speech science research, with the UltraFit
being better in terms of usability, flexibility, and production of formants,

96

Speech Communication 123 (2020) 83-97

which also makes it better suitable for technological, educational and
clinical applications.
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