
ABSTRACT
The description of visual stimuli structure and the individuation of
the cues critical for visemes identification is essential when
developing unimodal and/or bimodal speech perception theories.
In order to complete our previous researches on 3D spatial static
vocalic and consonantal targets, the present paper focuses on the
analysis of the spatio-temporal characteristics regarding the Lip
Height parameter (calculated as the distance between the markers
placed on the upper and lower lips), collected with the ELITE
system, for all the 21 Italian consonants.

1. INTRODUCTION
In order to develop uni-modal visual and bi-modal audiovisual
speech perception models for integrating traditional perceptual
theories based on psychoacoustic data and  elaborating rules on the
synthesis of talking heads, it is essential to describe the information
available to the perceptual processes. This information “can be
described as time-independent (static; pictorial) or time-varying
(kinematic; dynamic)” ([1],p.6). The identification of the statistically
significant value variation ranges of selected physical parameters
is the first step towards the identification of cues that may be
exploited in the extraction of phonemic information from visible
articulatory movements. The groupings thus obtained enable the
recognition of homophenous consonants and consequently the
definition of consonantal visemes.

By using this analytical approach, the 3D static vocalic and
consonantal targets have been identified  along the Lip Height (LH),
Lip Width and Lip Protrusion parameters [2], [3]. Our previous
researches have demostrated that LH was the most important
parameter in  the definition of the labial orifice and discrimination
of the consonants from one another, by clustering them in 6 groups,
akin to visemes identified on perceptual tests [3].

In this paper, the analysis focused only on the closing gesture,
as it is directly involved in producing constriction or occlusion in
various portion of vocal tract, whereas oral opening is mainly
involved in production of vocalic events (cf. [4]). Further, the
consonants were surrounded by the most open vowel in Italian, i.e.
/a/, in order to determine the most extended gesture from the stressed
/a/ to the consonant.

It is important to bear in mind that lip movement in Italian is
phonologically critical in implementing distinctive characteristics
of manner and place of articulation only for bilabial stops (/p, b, m/
) and labiodental fricatives (/f, v/), whereas for the other consonants,
for which the tongue is the primary articulator, lip movements are
phonologically under-specified and determined mainly by the co-
ordination with jaw closing movement and  the coarticulation with
contextual vowels [5].

2.  METHOD
Articulatory and acoustic data were collected using ELITE  [6],

[7], [3], a fully automatic real-time movement analyzer for 3D
kinematic data acquisition. Four subjects, 2 female and 2 male
northern Italian university students, repeated the sequences /’aCa/
containing all the 21 Italian consonants (/p, b, m, f, v, t, d, n, s, z, ts,
dz, ‘, ¢, £, l, •, 3, k, g, r/) 5 times each.

The markers attached to the central points of the vermilion
border of upper lip and lower lip were used for calculating the Lip
Height parameter, i.e. the interlip distance (see Fig.1).

The analysis focused on the spatial (displacement), temporal
(duration) and velocity (peak velocity) characteristics of LH closing
movement (see Fig.1), defined as the portion of the movement curve
from the maximum lip aperture (point 1), corresponding to the 0
point of the velocity curve within the acoustic portion of the first
stressed vowel, to the relative constriction for the consonantal target
(point 2). The simpler and the most common articulatory strategies
(the majority of the repetitions for 18 consonants out of 21) consisted
of  two opposite gestures, i.e. closing followed by opening. In this
case the end of the closing gesture (i.e. the “target”) corresponded
to minimum oral aperture (i.e. the 0 point of the velocity curve
within the acoustic portion of the consonant). In the presence of an
articulatory plateau (occurring when the velocity curve crossed the
0 axis more than once, and the max. value in the velocity curve
lying between the first and final cross-points was lower than one
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tenth of the surrounding peak velocities), the closing gestures
preceding the articulatory plateaux were measured until the mid-
point of the plateau, and the same convention was adopted for several
cases in which the plateau was followed by a further closing gesture.
The most critical cases, characterizing the majority of the /r/ and
some cases of /l, k, g/, consisted mainly of a unique single transition
towards closure (i.e. without an opening gesture), due to the relative
minor aperture of the lips for the final, unstressed vowel [2]. In
these  cases,  it was necessary to look for the minimal value (i.e. the
closest to the 0 point) in the velocity curve within or near the acoustic
borders of the consonants, and project this temporal point on the
movement curve in order to obtain the displacement value.

Beyond the duration (T), displacement (D) and velocity (V)
values, we also measured the percentage proportion of the total
duration for the closing gesture needed to reach the peak velocity
(TTP, a measure of the symmetry of the velocity profile, cfr.[8]).

3.  RESULTS
The results referring to the 4 spatio-temporal parameters are
presented first by way of descriptive statistics, toghether with
information regarding the durations of the speech segments and the
temporal relationships of the articulatory signal with the acoustic
signal, and secondly in an analytical manner by means of inferential
statistics for each parameter (Cluster Analysis and Factor Analysis).

3.1.  Collective results
Cons Time Displacement Velocity TTP Ratio
mmmmm 251 (76) 26.31 (5.29) 305.14 (34.41) 69.08(14.46)
nnnnn 313 (67) 11.19 (2.68) 69.59 (20.55) 33.45(18.25)
33333 280 (50) 16.21 (4.27) 60.90 (15.53) 46.16(10.43)
ppppp 253 (61) 26.97 (5.25) 340.52 (39.81) 36.84 (7.67)
bbbbb 251 (60) 26.47 (5.18) 319.93 (35.00) 71.42 (7.57)
ttttt 300 (54) 17.06 (3.57) 139.40 (30.24) 60.65(10.86)
ddddd 312 (74) 15.26 (3.68) 111.67 (37.46) 71.67(10.08)
kkkkk 319 (84) 10.90 (3.62) 74.53 (25.54) 48.97(10.27)
ggggg 304 (59) 8.92 (3.80) 61.99 (27.95) 53.01(14.29)
fffff 300 (64) 21.59 (6.49) 181.97 (56.50) 57.08 (9.00)
vvvvv 314 (45) 20.87 (5.94) 158.08 (55.64) 68.89 (5.20)
sssss 331 (63) 16.35 (3.76) 116.39 (33.68) 52.47 (9.00)
zzzzz 336 (75) 15.65 (3.54) 102.51 (19.61) 59.12 (9.66)
‘‘‘‘‘ 276 (45) 13.28 (5.74) 102.42 (39.25) 48.26(10.29)
tststststs 364 (71) 16.73 (3.23) 112.04 (40.64) 43.30(15.63)
dzdzdzdzdz 378 (75) 15.97 (3.11) 108.58 (30.51) 45.96 ( 9.50)
¢¢¢¢¢ 251 (46) 14.65 (4.30) 124.08 (36.15) 61.79 (6.99)
£££££ 298 (84) 16.30 (4.44) 129.75 (43.07) 62.21(16.51)
lllll 299 (76) 6.07 (2.39) 38.80 (16.45) 60.28(16.16)
••••• 317 (64) 16.00 (5.38) 110.89 (30.62) 43.50(12.37)
rrrrr 367 (78) 9.63 (3.60) 46.57 (16.31) 59.90(16.35)

Table 1. Mean and s.d. (between parenthesis) values for each
consonant along the following parameters: Time (ms),

Displacement (mm), Velocity (mm/s), and TTP ratio (%), i.e. the
proportion of the total duration for the closing gesture needed to

reach the peak velocity.

Table 1 lists the mean and the s.d. values relative to the 20
repetitions for each consonant and each parameter, organized firstly

according  to manner of  articulation and secondly according to
place of  articulation.

The following ranges characterize each parameter: 127 ms for
Time, from 251 (/b/) to 378 (/dz/); 20.89 mm for Displacement,
from 6.07 (/l/) to 26.97 (/p/), 301.72 mm/s for Velocity, from 38.80
(/l/) to 340.52 (/p/), and 34.83 % for TTP, from 36.84 (/p/) to 71.67
(/d/).

Furthermore, Fig. 2 shows (a), the mean acoustic duration of
the speech segments for /’aCa/, and (b), the overlapping of the
duration of the closing gesture onto the acoustic duration of the
consonants, expressed as percentage ratio of the temporal interval
from the acoustic beginning of the consonant to the endpoint of the
closing gesture, divided by the acoustic duration of the consonant
(see Fig. 1, AAI).

It is worthwhile to noting the exceptional value assumed by
the /r/ in Fig.2b,  explainable both as a consequence of the short
acoustic duration of the consonant (realized mostly as a tap) and

the relatively high value of the LH parameter in relation to the
articulatory target, determining a glide-type movement from /’a/ to
/a/ (cfr. [3],[7]).

3.2. Cluster Analysis.  For the data referring to all the consonants
within each of the 4 spatio-temporal variables, i.e. time,
displacement, velocity and TTP ratio, relative clusters were obtained
by applying the Average Linkage Mehod between Groups [3].  A
mixed ANOVA design was subsequently performed on each cluster,
with consonant type (21) as a “within” factor and subjects (4) as a
“between” factor, followed by planned comparisons between
consonant groups using Scheffè method (p < .05). As a general
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observation, both the between and within factors resulted significant,
though only the statistically significant results referring to the
Consonant Factor will be presented here.

3.2.1. Durations. Fig.3 highligths the presence of 3 clusters,
consisting of the shortest consonants (/b, m/) significantly (p <
.0354) opposed to the longer ones (/dz, ts, r, k/), with all the other
consonants in between. Supplementary planned comparisons
(Scheffé method), suggested by the inspection of data reported in
Table 1, revealed a different clustering of consonants in the 3
following  groups: /dz, r, ts/ vs /b, ¢, 3, m, p, ‘ / vs all the remaining
consonants.

3.2.2. Displacements. Fig.4 highligths the presence of 3 clusters.
Bilabial and labiodental consonants are characterized by the  greatest
gesture extension values (cf. Tab. 1) and are opposed to the
consonants with the most reduced values, i.e. /l, g, r, k, n/, whereas
the remaining consonants are characterized by intermediate values.

3.2.3. Velocities.  Figure 5 proposes 3 significantly different clusters:
bilabial stops /p, b, m/, characterized by the highest values (cfr.
tab.1) followed by labiodental fricatives /f, v/ (with intermediate
values) and all the other consonants.

3.2.4. TTP Ratios. The clusters in the Fig. 6 are derived from a
transformation of the original percentage data of Tab. 1 in arcsine

page 883 ICPhS99          San Francisco



values. The resulting groups are not significantly different.
Supplementary planned comparisons (Scheffé method), suggested
by inspection on data reported in Tab. 1, revealed 3 significantly
different groupings: /b, d, m, n, v/ vs /¢, f, g, £, l, r, s, t, z/ vs /dz,
•, 3, k, p, ‘, ts/.

3.3. Factor Analysis. In order to identify common tendencies
between the 4 parameters and therefore reduce the number of
variables, a Principal Component Analysis was performed on the
means of standardized values (Z-points) for each consonant (all the
20 repetitions). Two main components were extracted, the first
(amounting to 2.232) accounted for the 55.793 % of the total
variance, and included  the contributions from Displacement (.934),
Velocity (.863) and TTP Ratio (.775), whereas the second
(amounting to 1.219) accounted for 30.472 % of the total variance,
and was almost entirely due to Time parameter (.978).

3.  DISCUSSION
The Principal Components Analysis reveals the fact that
Displacement, Velocity and TTP Ratio co-vary and contribute most
to the first main component, whereas Duration  alone contributes
to the second component. An inspection of the 4 clusters highlights
several important phonetic systematicities. The greatest values for
Displacement and Velocity characterize the bilabial and labiodental
with respect to all the other consonants. The result for Displacement
depends mainly on the minimum LH values of the consonantal
targets, but also partly on the maximum LH values for the stressed
/’a/. In fact, for /p, b, m/ the values are negative [3],[7], as they
correspond to labial compression, and for /f, v/ the values are positive
though lower than all the other consonants. As to the vocalic target,
further analysis will quantify the anticipatory co-articulatory effects
on the vocalic spatial target induced by the following consonants.

The issue referring to the Velocity parameter is made difficult
by the fact that this parameter represents only the rate of change
along time of the distance between the upper and lower lip, and
thus   reflects a complex set of variables of different nature, such as
the characteristics of the targets to be produced, the style of
pronunciation, and more physical characteristics as aerodynamics,
mass, viscosity, stiffness, muscular activity etc. [9].

The clusters referring  to Durations and TTP ratios do not
highlight   any clear aggregation relative to place or manner
characteristics. Finally, a systematic tendency towards a
differentiation between voiced and voiceless consonants across all
the parameters is revealed by inspection of the mean values of Tab.1:
in general, voiceless consonants are characterized by shorter
durations, greater displacements, greater velocities and shorter
intervals of acceleration than voiced consonants.

Regarding the  LH parameter, a comparison of the results on
visual dynamic characteristics with parallel results referring to static
characteristics of consonantal targets demonstrates that the
statistically significant ranges of parameter variability for the time-
varying information are less in number than for time-indipendent
information. These results could imply that static information is
more specific than dynamic to the definition of the homophenous
consonant groups by means of articulatory data, although both kinds
of information distinguish  the bilabial and labiodental visemes from
all the others.

In other researches, in progress now, we will compare these

data with the results of visual perceptual tests on dynamic vs static
characteristics of natural stimuli.

All these data may be used to develop  audio-visual speech
production and perception  theories and also to support various
technological applications, i.e. audiovisual speech synthesis and
recognition systems [10].
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