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Abstract

Virtual articulatory targets are a concept to explain tHe di
ferent trajectories of primary and secondary articulatius
ing consonant production, as well as the different placahef
tongue-palate contact depending on the context vowel,Xor e
ample in [igi] vs. [ugu]. The virtual targets for the tongup t
and the tongue body in apical and dorsal plosives are assumed
to lie above the palate, and for bilabial consonants, thyetas a
negative degree of lip opening. In the present study, weudisc
the concept of virtual targets and its application for atatory
speech synthesis. In particular, we examined how the lmeati
of virtual targets affects the acoustics and intelligtiilbf syn-
thetic plosive-vowel syllables. It turned out that virtdafgets
that lie about 10 mm beyond the consonantal closure location
low a more precise reproduction of natural speech signals th
virtual targets at a distance of about 1 mm. However, we found
no effect on the intellegibility of the consonants.
Index Terms: articulatory speech synthesis, transition model-
ing, virtual targets

1. Introduction

In the present study, we discuss the application of virteal c
sonant targets for articulatory speech synthesis and evesiing
effect of different virtual target positions on the acocstand
intelligibility of synthetic plosive-vowel syllables. Ehrest of

this section introduces the concept of virtual targets. dittie-
ulatory synthesis of the syllables using virtual consonargets

is discussed in Sec. 2 and the perception experiment in Sec. 3
We conclude with a discussion in Sec. 4.

When we observe fleshpoints on the lips and the tongue
during transitions between vowels and consonants withoboal
sures, we notice that the trajectory shape of the primarg-art
ulator differs from those of secondary articulators. Fegliril-
lustrates the difference by means of EMA-recordings for the
utterance] nono'nono] [1]. The upper and lower solid curves
show the displacement of fleshpoints on the tongue tip (psima
articulator) and the jaw (secondary articulator) alongrian
movement direction of these points during the repeatedingen
and closing gestures. The tongue tip curve has distinotglest
during the closure intervals. During these intervals, tregue
tip is braced against the palate and hardly moves. The trajec
tories from the preceding vowel to the closure onset and from
the closure offset to the following vowel have an exponéntia
like shape. Hence, the tongue tip velocity is quite high trigh
before the closure onset and right after the release. Irrasint
the opening and closing movements of the jaw are more sig-

moidal (s-shaped). These movements are characterized by a

smooth acceleration phase followed by a smooth decelaratio
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Figure 1: Audio signal (top), tongue tip trajectory (middle),
and jaw trajectory (bottom) for the utterangeono nono]. The
trajectories were measured by electromagnetic articupry
(EMA) for coils on the tongue tip and the lower incisors [1].
Each trajectory shows the displacement along the first princ
pal component of the original two-dimensional trajectanytie
midsagittal plane. The dashed curves show hypothetical con
tinuations of the tongue tip trajectory towards and awaynfro
virtual targets during the closure intervals.

phase. Furthermore, the jaw appears to begin the tranition

a plosive to a vowel before the closure offset (mark A vs. mark
B in Fig. 1). The patterns described here are typical forlall p
sives [2].

As explanation for the high velocities of the primary ar-
ticulators at the closure onset, Lofgvist and Gracco [Bjgast
that the articulators are controlled towakdigual targets for the
consonants. For apical and dorsal plosives, these vidugeéts
lie above the palate. To reach these targets, the tonguedwoul
have to move into the nasal cavity. For bilabial closures, th
virtual target is a region of negative lip aperture. Thattds,
reach their virtual targets, the lips would have to move beyo
each other. When we assume a sigmoidal trajectory for the pri
mary articulator from the vowel target to the virtual conaion
target analogous to the secondary articulators, the pyiaréc-
ulator would be temporally in the middle part of the trajegto
when it hits the opposing wall. At this time, it has the observ
high velocity. The advantage of a high velocity right before
the closure onset is that the resulting tissue compressien e
sures the required airtight closure independent from coudé
effects [5].

According to the concept of virtual targets, the dashed
curves in Fig. 1 show possible virtual continuations of the



Figure 2: Left: Vocal tract contour ofu] (solid) and[g] (dashed) infugu]. Right: Vocal tract contour ofi] (solid) and/[g] (dashed)
in [igi]. The contours show model-based reconstructions of voaet shapes measured by dynamic MRI [3]. Heike [4] proposas th
the different tonge-palate contact positions in [g] resutien the tongue body is stopped by the palate on its way frewaivel target

to the (context-independent) virtual consonant tatdet

tongue tip movement, if the palate did not stop it. Theseesirv
are the result of previous experiments to reproduce natural
ticulatory trajectories and to estimate the position ofuar tar-
gets [6]. The estimated virtual targets were typically teda
5-15 mm above the contact location.

Heike [4] proposed the concept of virtual targets in a some-
what different context. He hypothesized a virtual tongudybo
target above the palate for the closing gesture during [gkto
plain the different tongue-palate contact locations okesiiin
[igi] and[ugu]. This idea is illustrated by the vocal tract con-
tours in Fig. 2 that were obtained from (dynamic) MRI mea-
surements [3]. The solid contours on the left and the rigbtwsh
the vowelqu] and[i], respectively. The dashed contours on the
left and the right show the vocal tract shapes during theuctos
phases ifugu] and([igi], respectively. Obviously, the tongue
body during theg] in [igi] is more anterior than during tHg]
in [ugu]. If the tongue body is assumed to move along a straight
line from its respective vocalic position to the same virtaa-
get point A until it is stopped by the palate or the velum, the
different contact locations can be explained in a purelyngete
rical way. In reality, the tongue body often follows an diigal
movement path instead of a straight line [7, 8], but the ppiec
remains the same. The higher the position of the virtuaktarg
above the contact area, the more the contact locations would
differ for [g] in the context of front and back vowels. A virtual
target height of about 10 mm as in Fig. 2 appears to be a good
approximation for the measured contours.

In the context of articulatory modeling, virtual targetsreve
already previously used by Kroger [9] and Perrier et al. [8]
these studies, the virtual targets for the tongue body aed th
tongue tip were assumed to lie only slightly (1-2 mm) above
the palate.

2. Articulatory synthesis of plosive-vowel
syllables

In contrast to the previous studies by Kroger [9] and Pegie

al. [8], who assumed virtual consonant targets about 1-2 mm
beyond the contact location, our own experiments and th& wor
by Heike [4] suggest virtual targets in the region around 10 m

beyond the contact location. In the following, the virtuai-t
gets around 1 mm beyond the contact locations will be called
close virtual targetsand the targets around 10 mm beyond the
contact locatiordistant virtual targets In this study, we ex-
amined the effect of close and distant virtual consonaugetar

on the acoustics (this section) and the intelligibility ¢S8) of
synthetic plosive-vowel syllables.

2.1. Method

We synthesized a corpus of 18 CV syllables with all combi-
nations of the consonanfb,d,g,p,t.k] and the vowelda,e,o].
Each syllable was synthesized once with a close virtual@ons
nant target and once with a distant consonant target, inegult

in 36 items. One mm and 10 mm were chosen as representa-
tive virtual target distances for the two groups. The aléitary
synthesizer used to generate the stimuli was progressilely
veloped during the last years [10, 11, 3, 12, 13]. A major phrt
the synthesizer is a three-dimensional geometrical mddako
vocal tract [11]. For the present study, the model was exteénd
as follows. Firstly, virtual positions were allowed to bsigaed

to the tongue tip and the tongue body, i.e. positions abowe th
palatal wall. When a virtual position is assigned to one ebth
articulators, it is geometrically positioned in direct tact with

the palate at the location with the smallest distance to tine c
responding virtual point. Secondly, the control paramétat
defines the vertical distance between the upper and lower lip
was allowed to be set to negative values that representetiffe
degrees of tissue compression for the closed lips.

The basic idea of our modeling approach was to use the
same sigmoidal trajectory shape to control the movement of
boththe primary and the secondary articulators during the tran-
sition from the plosive to the vowel. As we discussed in Sec. 1
a sigmoidal curve is a good choice for secondary articusator
The exponential-like transitions towards and away fromm& co
sonantal closure that are observed for a primary articutato
sult from theclipped sigmoidal trajectories that arise automat-
ically when the articulator is stopped by the walls of thealoc
tract model. Mathematically, the trajectories were models
step responses of a linear tenth-order system accordirigiio [
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Figure 3:Vocal tract contours (a), Control parameter trajectoriés,(synthetic speech spectrograms (c), and natural spgasttre-
grams (d) for the syllabl¢do], synthesized with a close virtual consonant target on tfieded a distant virtual target on the right.
The dashed vocal tract contours show the shape at the tinhealdsure offset.

Figure 3 b shows the typical sigmoidal shape of these curves. voiceless plosives). Both parameters were adjusted mignual
The duration of the transition could be controlled by theetim for the best visual fit between the spectrograms of the rlatura
constant of the linear system [14]. In our simulations, ita and synthetic syllables.

ulators for a given syllable were controlled synchronousé

they started and finished transitioning at the same time. 2.2. Results

For each syllable, both the consonant and the vowel were  Eigyre 3 jllustrates the effect of the different virtual sonant
represented by a fixed vocal tract target shape. These Shapestargets for the synthesis of the syllafjt]. The left column
were determined previously by means of volumentric and dy-  shows the synthesis with the close virtual consonant taaget
namic MR images [3]. Because the vocal tract shape for conso- e right side with the distant target. Figure 3 a shows three
nants varies depending on the following vowel (coarticatat vocal tract contours for each variant: the contours at tiginbe
a vowel-dependent vocal tract shape was used for each conso- ning and the end of the syllable (solid lines), and the carstou
nant and context vowel. Furthermore, two variants weretetea at the time of the closure offset (dashed lines). The cinclask

for each consonant shape — one with a close virtual targétidor the (virtual) positions of the tongue tip at the beginning &#me

primary articulator, and one with a distant virtual target.

For the synthesized syllables, the duration of the formant

transition phase and the voice onset time (for voicelessiy#s)
was reproduced as closely as possible from natural req@sdin

The duration of the formant transition phase was adjusted by
varying the time constant of the linear system used to gémera

the articulatory trajectories. The voice onset time wasistéd
by varying the relative position of the glottal closing gest(for

end of the syllable. During the transition, the tongue tip/a®
along the dotted line that connects both circles. For vinaa
sitions, the tongue tip is geometrically set to the closesat r
position in contact with the palate (white box).

Because the tongue tip starts the CV transition from a
higher virtual position on the right side of the figure, thentsi-
tion must start earlier (solid vertical line in Fig. 3 b) widspect
to the closure release (dotted vertical line in Fig. 3 b) thiathe



left side. This has the following consequences: (1) Theueng
tip has a higher velocity right after the closure offset, mgk
the (clipped) tongue tip trajectory more exponential-liseob-
served for natural trajectories. This directly affects shape
of the formant trajectories after the closure, as indicétethe
white dotted lines in Fig. 3 c. It appears that the formarjeta
tories resulting from the distant virtual target are moreiksir to
those of the natural utterance in Fig. 3 d. Furthermore, & rap
increase of the area after the closure release results fieesedit
burst than for a slower area increase rate [15]. (2) At thetim
instant of the closure release, the secondary articulaterdis-
placed further towards their vowel targets, if a distantuat
target is used. This is illustrated by the dotted vocal tcaci-
tours in Fig. 3 a and affects the formant frequencies rigteraf
the closure release.

All syllables in our corpus were successfully synthesized i
away corresponding to the example presented. For the nyajori
of syllables, the synthesis with distant virtual consonargets
allowed a better spectrographic fit than with the close =irtu
consonant targets.

3. Identification experiment

The basic question for the perception experiment was, veneth
or not the better spectrographic reproduction of naturédiskes
with the distant virtual consonant targets improves thelliigi-
bility of the synthetic syllables. Therefore, all 36 stirnaf

the corpus described in Sec. 2 were presented to 13 suhjects i

randomized order over earphones. The subjects were asked to

identify the perceived syllable after each stimulus. Whegla
lable was perceived as ambiguous, they were asked to stéte th
most probable guess. If requested by the subject, eachlsimu
could be repeated once.

The vowels were correctly identified in all stimuli by all
subjects. However, the consonants were often misundekstoo
for example,[ta] was sometimes heard #&)] or [ke] as[pe].
Table 1 summarizes the identification errors sorted by the in
tended consonants.

Table 1: Absolute number and percentage of misunderstood
stimuli.

| Syllable | Close virtual targef] Distant virtual target|

VI 22 (56.4%) 16 (41.0%)
Y, 9 (23.1%) 8 (20.5%)
IkV/ 19 (48.7%) 23 (59.0%)
VI 4(10.3%) 4 (10.3%)
lav/ 1 (2.6%) 4 (10.3%)
IgV/ 4 (10.3%) 5 (12.8%)
Sum 59 (25.2%) 60 (25.6%)

The overall error rate did not differ significantly for both
virtual target locations. In general, the voiced plosivesrav
better recognized than the voiceless plosives. The syothdt
lables kV] and [pV] were most frequently confused. Mostly,
the[k] was heard aR] and the[p] as[g] or [k].

4. Discussion and conclusions

Our synthesis experiments with close and distant virtuasoe
nant targets showed that the latter allow a better spectpbir
fit of natural plosive-vowel syllables. However, for thedht
ligibility of the synthetic syllables, the virtual targetdation

appeared not to play a role. For a more detailed evaluation of
the perceptual effect of the different virtual target léocas, it
would be conceivable to not only compare the perceived sylla
ble with the intended syllable, but also to let the listerrate

the degree of ambiguity. The high error rates for voiceldss p
sives indicate that other aspects of the synthesis thaeimfki
their perception need improvement, like the synthesis pfas
ration and frication noise, and the onset characterisfiescal

fold vibration.
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