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Abstract
We have investigated if subjects are aware of what natural tongue
movements look like, by showing them animations based on ei-
ther measurements or rule-based synthesis. The issue is of inter-
est since a previous audiovisual speech perception study recently
showed that the word recognition rate in sentences with degraded
audio was significantly better with real tongue movements than
with synthesized. The subjects in the current study could as a
group not tell which movements were real, with a classification
score at chance level. About half of the subjects were significantly
better at discriminating between the two types of animations, but
their classification score was as often well below chance as above.
The correlation between classification score and word recognition
rate for subjects who also participated in the perception study was
very weak, suggesting that the higher recognition score for real
tongue movements may be due to subconscious, rather than con-
scious, processes. This finding could potentially be interpreted
as an indication that audiovisual speech perception is based on
articulatory gestures.
Index Terms: augmented reality, tongue reading, visual speech
synthesis, data-driven animation

1 Introduction
It is well-known that speech reading of the face supports speech
perception, even if the face is computer-animated [1, 2, 3, 4]. In-
formation provided by the speaker’s lip shape, jaw position and
eye-brow movements is important if the acoustic signal is de-
graded by noise [1, 4, 5] or a hearing-impairment [3, 6]. Speech
reading of the tongue is on the other hand an ability that is seldom
practiced, since most of the time, most of the tongue is hidden
in a normal view of the face. Using augmented reality displays
in talking heads, such as the one shown in Fig. 1, several recent
speech perception studies [7, 8, 9, 10] have shown that even if
animations of the tongue give less support than a normal view of
the face, some subjects became able to extract information from
the intra-oral animations, after some practice or instructions. Sub-
jects in [7], who saw mute animations of vowels and VCV words
in a 3D tube model display, were well above chance in mimicking
the articulatory features (lip rounding, articulator used, narrow-
ness, place of articulation and nasality) of the stimuli. Subjects
in [8] who had been presented an instruction video that explained
how the intra-oral articulators moved for different phonemes per-
formed better in the consonant recognition task in noise than both
the group that had not been shown the instruction and the sub-
jects who saw a normal view of the face. Subjects in [9] simi-
larly performed better for low signal-to-noise ratios (SNR) if the
consonant recognition task started with clean audio and contin-
ued with decreasing SNR down to muted condition than if the

SNR order was reversed (i.e., if they received implicit training
or not). Subjects in [10], who were presented acoustically de-
graded sentences accompanied by either a normal front face view
or the same view supplemented with an augmented reality side-
view, perceived some sentences better if tongue movements were
visible. Despite the differences in experimental condition be-
tween the four studies, regarding display (semi-transparent vo-
cal tract model without a face, semi-transparent skin of the en-
tire face, midsagittal cut-away view or transparent skin at the oral
cavity), type of stimuli (vowels, VCV words or sentences), au-
dio degradation (muted, speech in noise or vocoded speech), lan-
guage (German, French or Swedish), number of repetitions (2,
3, 1 or unlimited), response format (mimicking, forced-choice
or open answers), basis for the animations (synthesis by rules
or measurements) and evaluation (accuracy of articulatory fea-
tures, phonemes or words), the general conclusions were similar:
tongue reading is unfamiliar and difficult, but can to some extent
be learned.

1.1 AV perception with real vs. synthetic tongue movements

In a recent study [11], we investigated whether the type of anima-
tion would influence speech perception results. The animations
were created either based on real movements, measured with mo-
tion capture and Electromagnetic Articulography (EMA), or using
a rule-based synthesis. The experimental conditions in [11] were
to large extents common with the study presented in this paper
and are therefore described further in Section 2.

Compared to the condition when only degraded audio (AO) of
short sentences was presented, the visualizations of tongue move-
ments resulted in significantly better word recognition rates (at
p<0.005 using a two-tailed paired t-test). Moreover, as shown in
Fig. 2, real movements (AVR) resulted in a 7% higher word recog-

Figure 1: Augmented reality side-view of the face, showing intra-
oral articulatory movements.
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Figure 2: Percentage of words correctly recognized when pre-
sented in the different conditions Audio Only (AO), Audiovisual
with Real (AVR) or Synthetic movements (AVS) in [11]. Stars in-
dicate significant differences, at p<0.005 (*) or p<0.00005 (**).

nition rate (WRR) than if rule-based synthetic movements (AVS)
were displayed, and the difference is significant (p<0.005). The
recognition score was also higher in AVR than in AVS for a large
majority of the sentences (28 out of 40). Note that, in order to
avoid artifacts due to sentence content, the subjects in [11] were
divided into three groups that were presented the sentences in dif-
ferent conditions, and the differences between the conditions are
calculated on the same set of sentences.

However, Fig. 3 illustrates the fact that the WRR difference be-
tween the two types of animations differed between subjects. As
each individual subject did not see the same sentences in the two
conditions, the sentence content may have an unbalanced influ-
ence when the intrasubject difference is considered. A weighted
difference, also shown in Fig. 3, was therefore calculated. In the
weighted difference, the influence of sentence content has been
factored out by scaling the results so that the average for the two
sets of sentences was equal over all three conditions (AO, AVR
and AVS) and all subjects. This weighted difference gives an in-
dication of how the individual subject performed in the two au-
diovisual conditions relative a common baseline. Since different
subjects performed differently for the two types of tongue anima-

-20%

-15%

-10%

-5%

0%

5%

10%

15%

20%

25%

30%

35%

1 3 5 7 9 11 13 15 17 19

Di
ffe

re
nc

e i
n w

or
ds

 co
rre

ct

Unweighted
Weighted

Figure 3: Unweighted and weighted difference of words cor-
rectly recognized when presented with real movements (AVR)
compared to synthetic (AVS) for the 20 subjects in [11] (sorted
in order of decreasing AVR-AVS difference). The weighting is
applied to remove influence of sentence content.

tions, this follow-up study focuses on determining if subjects in
general, and the subjects of the previous study in particular, can
tell whether the displayed animations of the tongue are based on
real measurements or not. By partly using the same subjects as
in the previous study, we are able to investigate if subjects with
higher AVR scores are more aware of what real tongue move-
ments look like. Otherwise, the better recognition would be due
to subconscious perception processes.

If subjects are aware of the differences, it could be an indication
of quality problems in the visual speech synthesizer, since it then
creates movements that subjects consciously perceive as different
from real movements.

On the other hand, if subjects are unaware of which tongue
movements that are real, but still perform better for real move-
ments, it might be an indication that visual gestures influence
speech perception by a subconscious mapping to the listener’s
own articulatory gestures. There is evidence [12] that percep-
tion of audiovisual speech leads to substantial activities in the
speech motor areas of the listener’s brain and that the activated
areas when seeing a viseme corresponds to the activated areas
in the speaker when producing the same viseme. Several differ-
ent theories have been proposed to account for the link between
speech perception and production and the fact that it is influenced
by visual information. The direct realist theory of speech percep-
tion [13] states that speech is perceived through a direct mapping
of the speech sounds to the listener’s articulatory gestures. This
signifies that seeing the gestures may influence the perception,
even if the listener is unaware of what the gestures should look
like. The speech motor theory [14] is similarly based on gestures,
but instead stipulates that the neural representation of the distal
object is used to perceive (decode) abstract phoneme units. The
listener would hence process both the acoustic and visual ges-
tures in accordance with how the speaker produced them. The
modulation theory [15] criticizes the speech motor theory e.g., on
accounts of problems with variability of the distal object, because
the encoder and decoder would be different due to differences
in speaker and listener anatomy. The modulation theory instead
proposes a special demodulation processing of acoustic speech
to separate different types of information and that the visual ges-
tures are perceived separately. The fuzzy logical theory of speech
perception [2] argues that perception is a probabilistic decision
that depends on the match compared to previously learned proto-
types. Features from different sources of information, including
visual, are combined to categorize speech stimuli into different
categories. Audiovisual speech perception would hence be the
result of a weighted fusion of the probabilities that the stimulus
belongs to a certain category when the acoustic and visual infor-
mation are considered independently.

The combination of this study and the one in [11] contributes
to the investigation of the influence on visual gestures on speech
perception by considering the unfamiliar visual information given
by tongue movements, while the investigated visual gestures in
[12] were facial, and therefore familiar to the subjects. Since real
tongue movements result in significantly higher word recognition
rate than synthesized, there seems to be a pre-established rela-
tion between visual tongue gestures and speech perception. In
this study we attempt to investigate if this relation is conscious
or subconscious and discuss what this could signify for the above
audiovisual speech perception theories.



2 Experiments
The experiments were performed using an augmented reality side-
view of a talking head, as shown in Fig. 1, in which the tongue
movements have been made visible by making the skin at the
cheek transparent. The tongue and jaw are shown as three-
dimensional structures, whereas the palate is represented by the
mid-sagittal outline and the upper incisor, with the other upper
teeth removed, so as not to hide details in the tongue movements.

2.1 The talking head display

The talking head model consists of 3D-wireframe meshes of the
face, jaw and tongue that are shaped by articulatory parameters.
The parameters that are relevant for this study are jaw opening,
shift and thrust; lip rounding; upper lip raise and retraction; lower
lip depression and retraction; and tongue dorsum raise, body raise,
tip raise, tip advance and width. The shape and parameters of
the tongue model were created through a statistical analysis of
Magnetic Resonance Imaging (MRI) data of a Swedish subject
producing static vowels and consonants [16].

2.2 Animating the tongue movements

For the animations based on real tongue movements (AVR), the
parameter values were determined directly from simultaneous and
spatially aligned measurements of the face and the tongue for one
female speaker of Swedish [17]. The Qualisys motion capture
system with 28 reflectors, shown in Fig. 4(a), was used to measure
the face movements in 3D and the Movetrack EMA [18] was used
for the midsagittal movements of the tongue. Three EMA coils
were placed on the tongue, one on the jaw and one on the upper
incisor, as shown in Fig. 4(b). The animated movements were
created by adjusting the parameter values of the face and tongue
models to optimally fit the Qualisys-Movetrack (QSMT) data (c.f.
[17] for the fitting procedure).

The synthetic (AVS) animations were generated with a rule-
based visual speech synthesizer, by forced-alignment [19] of
the phoneme input to the synthesizer with the acoustic signal
recorded simultaneously with the QSMT measurements. The vi-
sual synthesizer was initially developed for the face [20] and it has
been shown that the generated face animations are effective as a
speech perception support [3, 4]. The movements in the model
are created based on articulatory targets for each phoneme. For

(a) Motion capture markers (b) EMA coil placement

Figure 4: (a) Placement of the motion capture markers. (b) The
corresponding virtual motion capture markers (+) and articulo-
graphy coils (circled) in the talking head model.

features that are not important for a certain phoneme, coarticula-
tion occurs, and this is handled in the synthesizer by leaving the
parameter value for this feature undetermined and instead letting
the adjacent phonemes decide how the parameter varies, through
linear interpolation with smoothing. Even if this model is ad-
equate for the face, it is not certain that it is sufficient for the
tongue movements, since these are both more rapid and more di-
rectly influenced by coarticulation. In fact, the results from [11]
presented above suggest that the rule-based animations are not re-
alistic enough, since they provided a weaker speech perception
support than the animations created from real movements.

2.3 Stimuli and subjects

The audiovisual stimuli consisted of 72 short, simple Swedish
sentences, which were 3-6 words long with an “everyday con-
tent”, e.g., “Den gamla räven var slug” (The old fox was cunning).
For both AVR and AVS animations, half of the stimuli were pre-
sented with normal audio (the acoustics recorded together with
the QSMT data) and half with degraded audio. The degraded
signal was created from the normal audio using a three-channel
vocoder that applies bandpass filtering and replaces the spectral
details in the specified frequency ranges with white noise [4]. The
advantage of using vocoded stimuli over speech in noise is that it
is independent of the initial signal amplitude.

22 subjects (11 of each sex) participated in the test. All subjects
were normal-hearing, native Swedes, with the age distribution be-
ing: 1 subject <20 years old, 6 subjects 20–30 yrs, 7 subjects 30–
40 yrs, 6 subjects 40–50 yrs and 2 subjects >50 yrs. 11 (6 male
and 5 female) of the subjects were recruited from the group of
subjects in [11]. The subjects were divided into two groups I and
II, with the only difference between the groups being that they
saw each sentence in opposite condition (AVR or AVS). The two
groups were balanced with respect to subjects having participated
in the perception study or not, subject sex (both globally and for
subjects from [11]) and age.

2.4 Experimental set-up

The animations were presented on a 15” flat screen and the acous-
tic signal was presented over headphones. The stimuli order was
random, but the same for all subjects, which means that the rela-
tive AVR-AVS condition order was reversed for groups I and II.
The animations were presented once each, but the subjects could
repeat any animation once, if they were undecided about the type.
The answer (“Real” or “Synthetic”) was then given by pressing
either of two buttons. After the classification test, but before they
knew their score, the subjects were asked to give a short statement
about how they had tried to decide whether the tongue movements
were real or not.

2.5 Data analysis

The classification score for each subject and each of the four con-
ditions – animations with real or synthetic movements accompa-
nied by normal audio (AVRn, AVSn) or vocoded audio (AVRv,
AVSv) – were summarized automatically by the test software.
The scores were analyzed with respect to inter-condition differ-
ences and, for the subjects who had also participated in the per-
ception test, for potential correlations between classification score
and WRR differences.

Two average classification scores were calculated for both in-



dividual subjects i and the group of n=22 subjects. The first

µ =

∑n

i=1
µ(i)

n
, µ(i) =

∑N

s=1
c(s)

N

is the average proportion of correctly classified animations c(s)
out of N = 72 presentations. The second,

∆ =

∑n

i=1
∆(i)

n
, ∆(i) =

|
∑N

s=1
c(s)− C|+ C

N

is the proportion of correctly discriminated animations, calculated
using the absolute deviation from chance level C (i.e., C=36 cor-
rect answers and 0.5≤ ∆ ≤1, where ∆=1 corresponds to µ=1 or
µ=0 and ∆=0.5 is the chance level). This second score is calcu-
lated to handle the fact that a low, as well as a high classification
score, signifies that the subject did see a difference between the
two types of animations, even if they were mislabeled. For the
µ score, high and low scores for different subjects will be fac-
tored out in the average. We however want to investigate both if
the subjects are able to tell which animations that are real and if
they can tell the two types apart (e.g., if subject A has 56 cor-
rect answers and subject B has 16, µ=(56+16)/(2×72)=50% but
∆=∆(i)=(20+36)/72=78%, indicating that considered as a group,
subject A and B could see the difference between data-driven and
rule-based animations, but not tell which were which).

The subjects’ statement about the strategy employed to classify
the tongue movements was used for analysis of the subjects’ vi-
sual attention related to the classification results, but also to con-
trol for unwanted conscious discrimination strategies that were
unrelated to the tongue movements. An additional subject (sub-
ject 11 from the perception study) did the classification test, but
was removed from the analysis, because he stated that he made the
decision purely on the appearance of the lips at the beginning of
each animation and had seen no differences in the tongue move-
ments. He had observed that the lips initially displayed small ran-
dom vibrations for some animations and concluded that it must
be for the data-driven movements. The results of this subject
(93% correct answers) were hence due to the animations of the
lips rather than the tongue, and would have to be considered as an
artifact for this study.

3 Results
Fig. 5 summarizes the mean results, indicating that the subjects
as a group were unable to tell which movements were real, with
µ=48% very close to chance. The audio signal influenced the clas-
sification slightly, as synthetic movements were classified 6.5%
more correctly if they were accompanied by vocoded audio than
by normal. This difference is however not significant (p=0.10)
and the only inter-condition difference that was significant (at
p<0.05) was the one between AVRv and AVSv (all significance
tests in this section use two-tailed paired t-tests). For AVR, there
was no difference between the two acoustic conditions. It should
further be noted that it does not seem as if subjects consciously
grouped vocoded speech with the movements that they thought
were synthetic, since 3/4th of the subjects who classified AVS
incorrectly as real (i.e., who had µ <0.4) were also better at clas-
sifying AVSv than AVSn, just as subjects with higher µ.

The ability to see differences between the two types of ani-
mations was higher, but still modest, ∆=67% (standard deviation
0.12), corresponding to 12 answers above or below chance for the
group.
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Figure 5: Mean classification score (µ) for all subjects and all
stimuli, and for animations with real (AVRn, AVRv) or syn-
thetic movements (AVSn, AVSv), accompanied by normal (r) or
vocoded (v) audio. ∆ is the mean discrimination score.

There was no significant difference between the two groups in
classification or discrimination, but Fig. 6 shows that the varia-
tion between subjects was large. About half of the subjects were
close to chance level and the other half were well above chance in
discriminating between the two animation types, but the success
in the choice of which each type was appears to be random (refer
to Section 4 for a summary of the criteria that the subjects stated
that they used to decide). Fig. 6 further displays the weighted dif-
ference in WRR between the AVR and AVS conditions for the 11
subjects who had also participated in the perception test. From the
graph, one might be inclined to finding a relation between word
recognition and classification score, as subject 1 (who had a very
large AVR-AVS difference) had a higher than average classifica-
tion score and subjects 8, 10 and 11 (subjects 15, 16 and 18 in
Fig. 3) were the closest to chance level. However, all tests for
possible correlations yield very weak coefficients, as summarized
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Figure 6: Classification score δµ relative chance-level (δµ=µ-
0.5). The x-axis crosses at chance level (36 correct answers) and
the bars indicate scores above or below chance. For subjects 1–
11, who participated in the perception test in [11], the weighted
difference in WRR between the AVR and AVS conditions is also
given. Subjects 1–11 are sorted according to the AVR-AVS dif-
ference, and subjects 12–22 with increasing δµ.



Table 1: Correlation between the two classification scores and
different WRRs in the perception test. ∆AV and ∆AVO are the
differences in WRR for AVR relative AVS and AO, respectively.
AV is the mean WRR for the two AV conditions.

∆AV AVR AV ∆AVO
µ -0.11 0.21 0.31 -0.37
∆ 0.42 0.05 -0.14 0.20

in Table 3, with no correlation above 0.5. The tests were chosen to
investigate the hypothesis that subjects with higher WRR or larger
differences between conditions would reach higher classification
or discrimination scores. Their results in the perception test could
suggest that they were consciously more aware of the differences
or looked more attentively at the tongue animations. The corre-
lation between the classification score and the AVR-AVS WRR
difference in [11] is however negative, and the highest correla-
tion, for the combination audiovisual WRR difference and dis-
crimination, is still low. The current data does hence not support
the hypothesis that subjects in the perception test reached higher
WRR with the real tongue movements because they consciously
preferred them over the rule-based animations.

Other factors that could have influenced the classification and
discrimination scores are the number of repetitions used (since the
additional repetition could allow the subject to see more differ-
ences) and the stimuli number (since subjects may have become
more apt over time to see differences). The average number of
repetitions was 15 (21% of the stimuli repeated) and the mean
classification score was indeed 6.8% higher when the animation
had been repeated, but the difference is not significant (p=0.34).
Since subjects were better at discriminating between the anima-
tions, and there were large differences in classification score be-
tween subjects, a modified discrimination score ∆ρ was also cal-
culated to investigate the influence of repetitions and stimuli num-
ber. The modification of ∆ρ compared to ∆ is that it calculated
for each stimulus s as ∆ρ(s) =

∑n

s=1

∆ρ(i,s)
n

, where ∆ρ(i, s)
is calculated for every subject i as

∆ρ(i, s) =


1 if c(i, s) = 1 and µ(i) ≥ 0.5

or c(i, s) = 0 and µ(i) < 0.5
0 if c(i, s) = 1 and µ(i) < 0.5

or c(i, s) = 0 and µ(i) ≥ 0.5

∆ρ is a measure of the subjects’ classification consistency rel-
ative to the animation type that they thought was real. For the rep-
etitions, the discrimination was significantly higher (at p<0.005)
for one repetition (∆ρ=0.71) than for two (∆ρ=0.48), illustrating
that if the subject had not been able to discriminate after the first
viewing of the animation, the repetition did only result in a ran-
dom guess. There was no per-subject correlation between either
µ(i) or ∆ρ(i) and the average number of repetitions.

Fig. 7 shows that the average classification score decreased
slightly with stimuli number. The subjects did hence not learn to
see which tongue movements that were real over the course of the
test. However, as indicated by the modified discrimination score
∆ρ, there is actually a slight learning effect in discriminating be-
tween the two types of animations. The subjects hence became
slightly more consistent over time, but also more certain that it
was the AVS animations that were the ones based on measure-
ments. The correlation when fitting a line to the µ(s) or ∆ρ(s)
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Figure 7: Mean classification and discrimination scores µ and
∆ρ as a function of stimuli number. ∆ρ is the correctness of
the classification relative to the subjects’ own AVR label, i.e., for
subjects with µ <0.5, the binary correctness check was reversed.

data points with the least square criterion is moreover weak (Pear-
son’s r=0.41–0.42).

4 Discussion & Conclusions
The above analysis gives no support to the hypothesis that sub-
jects with larger WRR differences between the AVR and AVS
conditions would be better at classifying the animations with re-
spect to how they had been generated. In fact, our subjects were
unable to judge which tongue movements were real. They could
to a higher, but still modest, extent discriminate between the two
types of animations (2/3rds correctly separated). In the expla-
nations of what they had looked at to judge the realism of the
tongue movements, two criteria appear to have been useful for
discrimination (but not for classification, since they were used by
both subjects with high and low µ): 1) The tongue tip contact
with the teeth and 2) the range of articulation, since the synthetic
movements were larger, and, as different subjects stated, “were
more exaggerated” (resulting in high µ), alternatively “reached
the places of articulation better” (resulting in low µ).

Several of the chance-level subjects stated that they had looked
at the smoothness of the movement, assuming that rapid jerks oc-
curred only in the synthetic animations. It is a rather common
misconception that the tongue moves smoothly and graciously,
and first-time viewers are very often surprised by how fast and
rapidly changing real tongue movements actually are.

In conclusion, the subjects were hence unable to judge if an an-
imation was created from real measurements or was synthesized
by rules, and half of them were also unable to tell the different
types of animations apart. The significantly higher word recogni-
tion rate in the perception test [11] could hence be an indication
that subconscious processing of the augmented reality animations
of the tongue movements occurs in audiovisual speech perception.

It is not possible to draw definite general conclusions regard-
ing audiovisual speech perception from these two studies, since
they are small and have several factors of uncertainty. The most
important are that the variability between subjects in both tests
was large; that the animation of the face may influence the results
(as indicated by the subject who used lip vibrations to classify the
animations, c.f. Section 2.5); and that the AVR and AVS anima-
tions did not only differ in the movements, but also in the range
of articulation, since the targets for the rule-based synthesis were



determined for another speaker (and this could lead to higher dis-
crimination scores).

Despite these caveats, the combination of the two studies opens
up an intriguing perspective for future audiovisual perception re-
search: Even though subjects cannot tell if a set of animations
displays real articulatory movements, they are able to interpret
acoustically degraded sentences much better when data-driven an-
imations are displayed, compared not only to the acoustic only
condition, but also to when the animations are generated by a vi-
sual speech synthesizer. A hypothesis for future work is hence
that there is a coupling between speech motor planning and audio-
visual speech perception, not only for visemes, for which proto-
types could have been established from earlier face-to-face com-
munication, but also for intra-oral articulatory gestures that are
visually unfamiliar to the viewer. Interpretation of intra-oral ar-
ticulations must instead be based either on conscious or subcon-
scious mapping of the visual gestures to the own articulations,
based on motor planning, neural response or active deduction of
phonemic features from visual representation. We will not go as
far as stating that this signifies that audiovisual speech is directly
interpreted by the listener in terms of vocal tract configurations,
as argued by [13], but it at least signifies that the processing of
visual information in audiovisual speech perception is more than
matching to previously established visual prototypes: articulatory
gestures do seem to play a role in the perception. Should this be
confirmed by future studies with other subjects, stimuli and visual
representations, we would be able to judge the plausibility of dif-
ferent theories on audiovisual speech perception. More specific
aspects that would be of interest include: does the similarity of
the animated movements to the own articulatoty gestures play a
role? Does perception benefit from display realism or do subjects
perform active visual information retrival that would actually be
improved with simplified iconic information on articulatory fea-
tures (e.g., tongue-palate contact and distance)? Is the visual fo-
cus different for subjects with high and low audiovisual speech
perception results (which can be evaluated using an eye-tracking
system)? Is it the articulatory gesture or the articulatory targets
that are important for the perception of realism (i.e., the criteria
that subjects who differed from chance-level stated that they used
were related to specific articulatory configurations rather than the
movement, hence the question how would they do in a classifica-
tion task with a series of still images, rather than an animation)?
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