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A quantitative dynamic model for the description of speech movements using a critically damped 
linear second-order system is proposed. This six-parameter model is able to fit natural movement 
data with high accuracy. Since in this approach the actual location of gestural onset and gestoral 
offset, i.e., the location and duration of gestural activation, results from the fitting procedure, no 
advance sectioning of movement traces is necessary. The model parameters are target position, 
eigenperiod, and four time parameters describing the temporal location of gestural onset and offset. 
The fitting algorithm is tested on simulated and natural data in order to evaluate the accuracy of the 
fits and the repeatability of the dynamic parameters extracted. ̧ 1995 Acoustical Society of 
America. 

PACS numbers: 43.70.Bk, 43.70.Aj, 43.70.Hs 

INTRODUCTION 

A. Background 

A quantitative dynamic model for articulation aims to 
describe the spatial and temporal properties of articulatory 
movements by means of a few, effective parameters. While 
kinematics describes movement merely as a function of time, 
dynamics deals with the forces within a system which cause 
such movement. Dynamics predicts movement by solving a 
parametrized equation of motion. For the mass-spring sys- 
tem, the dynamic parameters, mass, stiffness, damping, and 
rest position, are time-invariant. These four parameters to- 
gether with the boundary conditions (e.g., initial displace- 
ment and velocity) are sufficient to exacdy predict the move- 
ment behavior of the system. 

A purely physical model is inadequate in the case of 
speech movements. Since speech movements are directly re- 
lated to linguistic intentions, the dynamic parameters should 
be functions of linguistic parameters (e.g., phoneme string, 
stress, position). The gestural framework provides a useful 
basis for connecting a dynamic model and a linguistic de- 
scription of speech articulation (Browman and Goldstein, 
1989; Saltzman and Munhall, 1989; Kelso etai., 1986). 
Within this framework, gestures are considered the basic 
units of speech, and a dynamic concept for articulation is 
proposed. Each gesture is modeled by a second-order dy- 
namic system. Dynamic parameters, i.e., target (rest posi- 
tion), stiffness, and phase values describing intragestural 
temporal extent and intergestural tinting, are defined for each 
gesture. 

The approach for modeling articulator movements intro- 
duced in this paper differs from others (e.g., Sonoda, 1977; 
Shigenaga and Ariizumi, 1977; Flanagan et aL, 1990; Perrier 
et al., 1991; Vatikiotis-Bateson etal., 1991; Shirai, 1993)by 
a serial piecewise fitting of discrete sections (i.e., time win- 
dows). This sectioning guarantees an unambiguous relation- 
ship between a continuous physical dynamic and a discrete 
linguistic description. The gestural approach thus leaves the 
domain of time-invariant systems. Since gestures are active 

only within finite time intervals, and since gestures relating 
to different linguistic categories are described by quantita- 
tively different sets of dynamic parameters, the system pa- 
rameters change when one gesture ends and the following 
one becomes active. 

There are different ways to define time windows or sec- 
tions for dynamic parameter estimation. Kelso et al. (1985) 
use displacement extrema to define the time intervals for 
opening ("peak-to-valley") and closing ("valley-to-peak") 
gestures. Browman and Goldstein (1985, p. 110) define two 
different kinds of gestural time intervals. Like Kelso et ai. 
(1985) they change the model parameters at displacement 
peaks ("transition hypothesis"), but, additionally, they pro- 
pose an alternative division of articulatory traces by using 
the velocity extrema ("C-V hypothesis"). Smith etai. 
(1993) propose two different methods for sectioning traces, 
of which one again uses displacement extrema ("peak win- 
dows"), while the second one includes "the relatively flat 
plateau regions around displacement extrema with the region 
of movement between these plateaus (CV windows)" (Smith 
et al., 1993, p. 1581) where plateau regions are arbitrarily 
defined by the criterion, that plateaus begin or end within 1% 
of the range of amplitude after the extreme peak or valley of 
the movement trace. 

B. Motivation for this study 

In order to establish a quantitative gestural model ca- 
pable of fitting a great variety of natural movement traces, 
and in order to extract relevant dynamic parameters from 
movement data, three problematic points must be considered. 
First, the sectioning of movement traces, i.e., the location of 
the gestural activation interval should be the result of a pa- 
rameter extraction procedure rather than based on an a priori 
assumption, since this location is one of the most important 
features within the gestural approach. Second, a point loca- 
tion for gestuml onset and offset is an untenable assumption. 
Gestural activation pulses should have nonabrupt onset and 
offset portions (Saltzman and Munhall, 1989, p. 343) and 
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gestures -- even if acting on the same arficulator -- can 
overlap in time (i.e., they can be blended. Saltzman and Mu- 
nhall, 1989, p. 3450. As a consequence, the parameters of 
the underlying dynamic model change continuously even 
during activation of one gesture. In the approach described in 
this paper, we introduce gestural onset arid offset time inter- 
vals. Within these intervals gestural parameters increase and 
decrease continuously. 

Third, our experiments indicated that articulatory traces 
cannot be fitted with high accuracy by exponential time func- 
tions, i.e., movements resulting from a time-invariant criti- 
cally damped second-order dynamic system. According to 
the succession of opening and closing gestures, most articu- 
latory traces show a more or less oscilhttory pattern. They 
seem to be comparable to an undamped sinusoidal motion 
rather than to a critically damped target-directed movement. 
But the use of undercritical damping (Smith et el., 1993) 
violates one of the basic ideas within a gestural theory: Each 
gesture corresponds to one monotonic (ascending or de- 
scending) movement pattern. The oscillatory shape of move- 
ment traces is caused by the succession of different gestures 
acting on the same arficulator. It will be shown in this paper 
that the introduction of gestural onset z nd offset portions 
makes the movement shapes more flexible and allows mod- 
eling a great variety of natural movement traces without vio- 
lating the assumption of monotonicity. 

I. THE MODEL 

A. The force field approach 

1. Basic concepts of the gestural approach 

Informally, a gesture is identified with the formation 
(and release) of a characteristic vocal tract constriction (e.g., 
a bilabial closure), where difibrent combinations of articula- 
tots perform a gesture (e.g., jaw, lower and upper lips for a 
bilabial gesture). In this sense, the term gesture can be used 
to denote % member of a family of functionally equivalent 
articulatory movement patterns that are actively controlled 
with reference to a given speech-relevant goal" (Saltzman 
and Munhall, 1989, p. 334). In general, the gestural concept 
includes neuronal, muscular, and dynamical aspects. Each 
gesture is originated by neuronal activity, which governs spe- 
cific muscular actions causing goal-directed articulator 
movements. But our quantitative description of gestures 
mainly concentrates on the latter aspect. the dynamics of 
articulator movements. In this preliminary stage we avoid 
concrete physiological modeling. The temporal extent of ges- 
tures is reflected by gestural activation intervals, denoting 
the time interval in which each gesture is active (Browman 
and Goldstein, 1990; Salzman and Munhall, 1989).'In order 
to model the temporal variation of activity during each ges- 
rural activation interval, we introduce a gestural strength 
function, which characterizes the time-varying strength of an 
underlying gestural force field quantitatively. 

Figure I introduces the basic concepts of the gestural 
approach in the context of gestural resyn•tbesis. The upper 
half of the figure gives the vertical component of movement 
traces of tongue tip and tongue body for an utterance. Below, 
control parameter time functions for the articulatory resyn- 

n 

FIG. 1. Articulatory resynthesis for the German utterance/zi:ta:gan/using 
step-rectangular-shaped gestaral force functions. Top: naturally produced 
movement traces for tongue tip y,(tl) and tongue body yt•(tl) (ti indicates 
sampling time instants). Horizontal bars: activation intervals for three epical 
gestures (for production of/z/,/t/, and In/), for three dorsal gestures (for 
production of/i:/, /a/, and /g/). Bottom: control parameter time functions 
produced by the gestural control module of an articulatory synthesizer 
(KriSger, 1993a, b) for relic aperture (VA}, tongue height {TH), tongue tip 
height (TTH), and glottal aperture (GA}. Shaded areas: gestural activation 
intervals. 

thesis of this utterance are shown, using temporal and dy- 
namical information extracted from the data for the control 

parameters tongue height and tongue tip height. Here a very 
simple quantitative gestural model is used. Gestural onset 
and gestural offset are discrete time instants and the gestural 
force field is constant during the whole activation interval 
(i.e., the assumption of a point location for gestural onset and 
offset; step-rectangular-shaped gestural strength functions). 
The shaded boxes indicate the temporal extent of each ges- 
ture, i.e., the location of gestural activation intervals. Ges- 
tural onset and offset are determined by the criterion of ex- 
treme displacement of the •ertical component of the 
movement traces. 

2. A quantitative dynamic model for gestures 

Each gesture is defined by the parameters of its under- 
lying dynamic model, i.e., the critically damped second- 
order system (for equations see Browman and Goldstein, 
1990, p. 372, Krbger, 1993a, p. 232). We avoid the mass- 
spring analogy -- and, consequently, the parameters mass 
and stiffness -- since it has drawbacks in connection with 

speech gestures. First, stiffness describes the physiological 
and dynamical behavior of muscles (e.g., Flanagan et eL, 
1990, p. 360 and thus, together with mass, the low-level 
dynamic characteristics of articulators. But gestures repre- 
sent a (theoretical) concept for the active high-level control 
of articulators. Therefore, the parameter "mass" is not 
needed explicitly within the quantitative formulation of ges- 
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(a) 

(c) 

FIG. 2. Vertical component of tongue body movement and force functions 
for successive li:l and la:l gestures as a function of time. (a) Abscissa: time 
t; ordinate: displacement y; dotted fine: vertical componenl of tongue body 
movement; thick horizontal bars: location of gestural targets. (b} and (c) 
Discontinuous and continuous force functions (i.e., strength of gestural force 
field as a function of time) for successive/i:/and la:l gestures. The vertical 
dashed lines mark the gesturai activation intervals. 

tural dynamics given by Browman and Goldstein (1990, p. 
372). Second, the physical mass-spring model implicates 
time invariance, whereas the dynamic model for gestures 
(gestural second-order system) is strongly time variant, since 
gestures are active only within definite intervals. In the case 
of critical damping the equation of motion can be written as 

=0, (1) 
with instantaneous displacement, velocity, acceleration of the 
mass y, •, •', rest position (equilibrium position) of the sys- 
tem Ytg, and the eigenfrequency (Hz) of the undamped sys- 
tem •o/2•-. y is a one-dimensional variable and denotes the 
main movement direction of the articulator during gestural 
activation. Eigenfrequency can be replaced by eigenperiod T 
(T=2•rlto). The strength of the force field per unit mass is 
given by •o 2 in Eq. (2) and thus equals 47r21T 2. Consequently, 
the strength of the gcstural force field per unit mass (SFF) is 
proportional to eigenfrequency squared or to reciprocal 
cigenperiod squared: 

SFF-- •o • (I/T) •. (2) 

3. Time-varying force fields as a model for gestures: 
The problem of gestural onset 

In general, articulatory movements exhibit oscillatory 
rather than monotonically ascending or descending patterns 
(e.g., tongue body movement in Fig. 1). This oscillation re- 
sults from the temporal succession of gestures with different 
target positions (e.g., for tongue body the /i:/-gesture and 
/a:/-gesture in Fig. 1). The oscillation can be seen as a 
change of movement direction according to successively ac- 
tivated gestures with different target positions. By associat- 
ing gestures with (abstract) time-varying force fields, the os- 
ciliatory movement pattern can be modeled. Figure 2 
illustrates that the gesture-performing articulator is acceler- 
ated toward the instantaneous gestural target by the instanta- 
neously active gestural force field. The oscillatory behavior 
of the articulator movement originates from the temporal 

/a:/ /i:/ 

FIG. 3. Force fields for li:l and la:l gestures. Abscissa: vertical component of 
tongue body displacement [equals ordinate in Fig. 2(a)]; Ordinate: unsigned 
force. Vertical thick bars: location of gestural target [equal horizontal thick 
bars in Fig. 2(a)]. 

change from the fi:/-gesture to the /a:/-gesture force field. 
Two possible gestural strength functions are given for the 
fi:/- and/a:/-gesture, i.e., a step-rectangular-shaped constant 
gestural strength function and a sine-wave-shaped continu- 
ously time-varying strength function [Fig. 2(b) and (c)]. The 
gestural target (i.e., gestural rest position) is defined by the 
zero value of the appropriate gestural force field (Fig. 3). 

For step-rectangular-shaped strength functions (discon- 
tinuous case, constant force field during gestural activation 
interval), two problems occur. First, the time function for 
articulator displacement is an ordinary exponential time 
function, thus limiting the range of possible shapes for ges- 
tural movement patterns. Such a model is too unflexible to fit 
natural articulatory data satisfactorily. Second, the force field 
changes abruptly, leading to unrealistically high acceleration 
of the gesture-performing articulator at gestural onset. 

Figure 4 shows an attempt at fitting the /i:/- and /a/- 
gesture of an utterance by using step-rectangular-shaped 
strength functions. It can be seen that in both cases the fitting 
is unsatisfactory for displacement, velocity, and acceleration. 
That the model time functions are not satisfactory for veloc- 
ity and acceleration can be understood from the fact that the 
fitting algorithm only tries to minimize the differences be- 
tween model and data for displacement. But according to the 
dynamic character of the underlying model -- the equation 
of motion includes displacement, velocity, and 
acceleration--the fit of acceleration as well as velocity 
should be better. Considering acceleration, it can be seen 
from Fig. 4 that especially at gestural onset, an undesirably 
pronounced acceleration-peak occurs. Even if the time win- 
dow is chosen in such a way that gestural onset coincides 
with an acceleration peak of the data (see the fi:/-gesture), 
the acceleration peak produced by the model is too strong. 

This peak is caused by the abruptness of gestuml onset 
in this approach (see shaded areas in Fig. 4). Figure 5 illus- 
trates the abrupt change of force, acting on the articulator in 
this case (thick dashed lines). This discontinuous change of 
forces can be avoided if the gestural onset time instant is 
replaced by a onset time interval in which the force field 
increases continuously from zero to its full value as illus- 
trated by the solid thick line in Fig. 5(b), where the force 
field increases during the time interval marked by t I and t 3. 
This time interval is called the gestural onset interval. (Only 
because of its explanatory power the continuously increasing 
strength function is modeled here by using five discrete 
steps.) 
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FIG. 4. (a) and (b) Fit of li:l and/a/gesture by using step rectangular force 
functions for/di:patoL Displacement, velocity, and acceleration as function 
of time for a naturally produced tongue body moveraent trace are indicated 
by dotted lines. Fitted model time functions are indicated by solid lines. 
Shaded areas indicate gestural force functions. Gestural phase values are 
given below the activation pulse shapes. Vertical dashed lines (markings) 
indicate gesmral onset (marking 1) and gestmal offset (marking 2). 

It will be shown below that much better fits of these/i:/- 

and /a/-gestures are possible if a step-rectangular-shaped 
strength function is avoided and if a continuously shaped one 
is introduced as realized by the six-parameter model. 

B. The six-parameter model and the fitting procedures 

I. The shape of the strength function 

Figure 6 shows the strength function in units of recipro- 
cal eigenperiod squared T -2, which is proportional to the 
instantaneous SFF [Eq. (2)]. The shal•: of the gestural 
strength function is defined by peak eigenperiod T 0, two 
time values defining the temporal location of the onset inter- 
val tlo n and t2on, and two time values defining the temporal 
location of the offset interval tlo ff and t2o if. The peak eigen- 
period value T O gives the maximal strength of the force field. 
Three time portions occur within the gestural activation in- 
terval. Portion 1 is the onset interval, and portion 2 (not 

(a) Y• Ytg Y 

1/T21 • .................................. 

(b) tl t 3 t4 • 
HG. 5. (a) Five force fields (unsigned force f as function of displacement y; 
thin solid lines) with different strength. Y0 indicates initial displacement at 
beginning of gcstu[al onset. Ytg indicates yesrural target. The labels I to 4 
mark time instants [see also (b)] and the thick lines mark traces through the 
force-displacement space for abrupt yesrural onset (thick dashed line) and 
for continuously increasing yesrural onset (thick solid line). (b) Gestural 
force functions. Thick dashed line: Step-rectangular force function, i.e., 
abrupt gestural onset; thick solid line: continuous force function, i.e., con- 
tinuously increasing onset portion (approximated by five steps). 

labeled in Fig. 6) is the steady-state interval in which ges- 
tural activation is at its maximum. The beginning and end of 
this portion is given by t2o , and t]ore. Portion 3 indicates the 
offset interval. Eigenfrequency •o is modeled by sine quarter 
waves within the onset and offset intervals. Equation (3) 
gives the time function of eigenfrequency for a gestural ac- 
tivation pulse: 

{ 2'rr(t--tlon) I 
o•(t)=•o 0 sin -- for tlon•<t<t2on, • 4( t2on--tion) ]' 
to(t)=to o, for t2o.•<t<t]off, (3) 

(2(t-t2o) / 
sin -- for tlof•t<t2off. •(t)= tO0 [4(tloff--t2off)}' 

Since the instantaneous SFF is represented by •o 2, the 
gestural strength function is given by squared sine quarter 
waves which leads to a smooth change of the force field 
strength during the onset and offset interval. (Another simple 
model function is to use a cosine half-wave directly for SFF. 
But that leads to a square root function for eigenfrequency 
and to a numerically more complex phase value calculation.) 

Figure 7 show fits of the/i:/- and/a/-gesture, now using 
the six-parameter model. Labels 1 and 2 indicate the tempo- 
ral extent of the gestural onset interval. In contrast to the fits 

FIG. 6. Shape of gestural force function for the six-parameter model. 
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FIG. 7. (a) and (b) Fit of/i:/and lal gesture by using a continuous force 
function (compare with Fig. 4). Marking I (2) indicates beginning (end) of 
gestural onset portion (t,o.,tzo.); marking 3 indicates end of fit interval. 

using step-rectangular-shaped strength functions (Fig. 4), 
now displacement, velocity, and acceleration are fitted very 
well, indicating that the continuous strength function is more 
realistic. The onset interval physically represents the accel- 
eration interval during which the gesture-performing articu- 
lator changes its movement direction toward the target of this 
gesture and accelerates toward gestural peak velocity. Figure 
7 also indicates that the gestural onset interval surrounds an 
acceleration peak. Since the /i:/-gesture is the first active 
tongue body gesture in the given utterance, the gestural onset 
interval equals the whole positive acceleration pulse. As a 
consequence of gestural overlap, the first pan of the follow- 
ing negative acceleration pulse is modeled by the/i:/-gesture 
before the onset interval of the/a/-gesture starts. 

Due to the time dependence of to the solution of Eq. (1) 
cannot be written as a single analytical expression. Equation 
(l) is solved here numerically by discretizing its time deriva- 
tives using backward differences. This method is also appli- 
cable in the case of overlap (two instantaneously active force 
fields). In this case, a linear superposition of both force fields 
is assumed and the equation of motion is 

•+2(tot+o2)JS+to•2(Y-ytgt)+•o•2(y-ytg2)=O, (4) 
with toi instantaneous (dine-dependent) eigenfrequency and 
Ytgi target of the appropriate gesture (i = 1,2). 

2. The task of the fitting algorithm 

The task of the fitting algorithm is (l) the estimationof 
the gestural target; and (2) the estimation of the temporal 
location and strength of the gestural activation. The latter 
implies (2a) the estimation of (peak) eigenperiod which cor- 
responds to the estimation of the maximal strength of the 
gestural force field, and (2b) the estimation of four time val- 
ues locating the gestural onset and offset intervals. Targets 
are assumed to be gesture-inherent parameters and therefore 
constant for each type of gesture (e.g., dorsal closing versus 
apical closing gesture). Therefore targets are estimated ex- 
clusively from unreduced tokens of a gesture, i.e., from ges- 
tures which occur within the most stressed syllable of an 
utterance. 

3. Error criterion 

Fitting is performed by minimizing the difference be- 
tween model and data curve within the fitting interval (signal 
window): 

1 • (y•-y(t,,a, ..... ata)12 • i= • si / --, min. (5) 
The signal window consists of N data points (ti,yi) 
(i = 1 ..... N) and the model consists of M adjustable param- 
eters a i, j= 1 ..... M (in this case M=6: Ytg, To, t•on, 40,, 
t•off, and t2off ) two or more of which are held constant ac- 
cording to the actual fitting procedure. y(t)=y(t,a• ...a•a) 
denotes the model curve and s i denotes the standard devia- 
tion for the data points (here si=const. for i= 1 ..... N). Since 
onset location (tlon, t2on) and offset location (ttom t2o•) are 
adjustable and since N represents the window length (in 
sample points), depending only on onset and offset location, 
the value N changes during the fitting procedure. The term 
lIN in Eq. (5) normalizes the data to model difference with 
respect to the instantaneous window length. No conventional 
fitting algorithm can be used, first, since the signal window 
length and location is not fixed, and, second, since the model 
function cannot be written as a single analytical expression. 
For these two reasons a multidimensional minimization al- 

gorithm, the downhill simplex method (Press et al., 1992, p. 
408ff), is used. Since the algorithm does not necessarily de- 
tect the global minimum, i.e., does not necessarily give the 
best fit parameters, we rejected fits for which the time pa- 
rameters t•on, t2oa, t•off, and t2o ff do not occur at the proper 
places, i.e., for which the resulting signal window is too 
small, or does not cover the gestural velocity peak. A proper 
location of gestural onset and offset is a strong criterion for 
the goodness of the fits. The fact that a signal window does 
not shrink during a fitting procedure, together with the fact 
that the signal window occurs at the proper place is a strong 
indicator that the fit and the derived model parameters are 
acceptable. 

The minimization criterion [Eq. (5)], i.e., the minimiza- 
tion of displacement, is sufficient only for eigenperiod, onset, 
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and offset estimation. In the case of target estimation the 
model does not fit the gestural velocity peak satisfactorily in 
many cases. Peak velocities produced by the model were 
often too small in comparison to the actual data. Therefore 
we changed the minimization criterion for this procedure by 
considering displacement and velocity. Ilere, in addition to 
the displacement differences, the velocity diffet•ences be- 
tween model and data must be minimized in a 10-ms interval 

around the gestural velocity peak. 

4. The fitting procedures 

Since the simultaneous optimization of six parameters 
per fit is difficult and since targets must be estimated from 
unreduced tokens of each type of gesture, parameter estima- 
tion is organized in three procedures: 

Fitting procedure 1: Target estimation is pertbrrned by 
simultaneous calculation of three parameters: target position 
Ytg, eigenperiod To, and beginning of onset interval t•o, The 
other three parameters (i.e., end of onset interval t2o, begin- 
ning and end of offset interval t lore, t•,,rf) are set to their 
initial values and remain fixed. 

Fitting procedure II: Eigenperiod and onset estimation is 
performed by simultaneous calculation of T 0, rio •, t2o ,, and 
t]o • (Fig. 7). The target position Ytg must be known in ad- 
vance. Here, tlo ff indicates the end of the lit interval. In many 
cases this time instant marks the onset of the following ges- 
ture or the beginning of clipping (i.e., contact of articulator 
with a rigid vocal tract wall, see KrSger, 1993a). 

Fitting procedure Ilh Offset estimation of the current 
gesture and onset- and eigenperiod estimation of the follow- 
ing gesture is performed by calculating qoff and t•o ff simul- 
taneously with the parameters T 0, /2on, and ttorf of the fol- 
lowing gesture. End of offset of a gesture car, only be 
calculated in connection with the calculation of onset- and 

eigenperiod of the following gesture since the procedure 
takes the overlap of two gestures into account (Fig. 8). Esti- 
mation of ttoff and t•off implicates that the four other param- 
eters of the gesture must be known in advance (procedures I 
and II). Additionally, the target of the following gesture must 
be known (procedure I for the following gesture). Two con- 
straints are postulated in order to limit the degrees of free- 
dom for this fitting procedure; /Ion of the following gesture 
equals t•off of the preceding gesture, and t•orf of the preced- 
ing gesture must occur earlier than t2o, of the following ges- 
ture (Fig. 8). 

While procedures I and II are isolated piecewise fittings, 
successive application of procedure III leads to fits of whole 
utterances. Beside offset interval estimation, the important 
result of fitting procedure III is the estimation of eigenperiod 
and onset interval of gestures, which now takes into account 
the influence of overlap with the preceding gesture. 

5. Starting values 

For a successful fitting and parame:er estimation, the 
proper choice of starting values for fitting, i.e., a careful ini- 
tial adjustment of the model parameters, is very important. In 
a first step the velocity extremum, which is the most easily 
detectable physical event corresponding Io a gesture, is 

FIG. 8. Fit of fi:/ and /a/ gesture by using continuous force functions and by 
including gestural overlap. Marking I (2) indicates beginning (end) of onset 
of fi:/gesture (t•orart,t•ara,V); marking 3 indicates beginning of offset of fi:/ 
gesture (t •olrn:•) and equals beginning of onset of/a/gesture (t •ooa); marking 
4 indicates end of offset of fi:/gesture (t2ow,.t); marking 5 indicates end of 
onset of/a/gesture (t2,,•t:a): marking 6 indicates end of fit interval for/a/ 
gesture. 

cated (see the arrows labeled /i:/ and /a/ in Fig. 9). In a 
second step, as a rough approximation for the temporal ex- 
tent of the gesture, the velocity zero crossings, which sur- 
round the gestural velocity peak, are determined. These zero 
crossings mark displacement extrema and are indicated for 
the/i:/- and/d-gesture by the vertical dashed lines in Fig. 9. 
The target value is initially set to the extreme displacement 
value at the time of gestural offset. Eigenperiod is initially 
set to twice this time interval length, since gestural offset 
roughly corresponds to a phase value of 180 deg. In a third 
step, a first estimate for gestural onset and offset intervals is 
made. The time of the velocity extremum (i.e., acceleration 
zero crossing), which corresponds to the central gestural re- 

[ d i: p at o ) 

FIG. 9. Measurement data for fits given in Figs. 4, 7, and 8 (velocity and 
acceleration are calculated using cubic spline smoothing). The arrows mark 
gestural velocity peaks, acceleration peaks, and acceleration zero crossings, 
which are important for obtaining proper initial conditions. Markings A, B, 
and C indicate initial geslural time intervals. 
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locity extremum, is taken as initial time for t•_o, (indicated by 
arrows labeled/i:/and lad in Fig. 9). Then, the neighboring 
acceleration zero crossing, which precedes this time, is taken 
as initial time for tlo, (indicated by arrow I for It:/and by 
arrow 2 for lad). The time of the acceleration extremum be- 
tween the gestural velocity peak and the following velocity 
zero crossing, marks the end of initial fit interval for proce- 
dures I and II (indicated by arrow 3 for li:l and arrow 4 for 
lad gesture). In the case of procedure III, the end of the fit 
interval of the preceding gesture is taken as the initial time 
for tloff of this (preceding) gesture, and the time of the ve- 
locity peak of the following gesture is taken as the initial 
time t2orr of the preceding gesture. 

There are additional constraints, which must be met dur- 

ing the fitting procedure. First, the target value must not fall 
beyond the limit given by the extreme displacement value. 
Second, this temporal ordering of the four time parameters 
must remain undisturbed and a minimal temporal distance 
(dt) between these labels must be maintained: 

tlon+dt<t2on; t2on-Fdt<tloff; t•off+dt•t2o if, (6) 

with dt=5 ms. Third, T o must be neither zero nor negative. 

6. Phase value calculation 

In this quantitative approach, phase values can be inter- 
preted as a measure for the relative articulator-target distance 
(relative to initial articulator-target distance) and therefore as 
a measure for the degree to which a gesture has been ex- 
ecuted (Kdiger, 1993a and 1993b). A phase scale can be 
calculated for each concrete gesture of an utterance. The lo- 
cation of gestural phase scales depends on the location of the 
gestural onset interval; its enlargement factor depends on 
eigenperiod. Phase values can be calculated for a gesture by 

•o(t) = to(r)dr. (7) 

From Eq. (7) the phase as a function of time can be written 
as a single expression for our six-parameter model, using Eq. 
(3), the sine quarter wave case: 

4(t2on--tlon) [1_ [ 2•rt /], 
for t lon<•t•<12on 

4(t2on-- tio.) 2qr(t- t2on) 

q•(t)-- To + To , for t2on<t. 
(8) 

The absolute duration (ms) for a constant phase value dis- 
tance (e.g., l0 deg) decreases during the gestural onset time 
interval, which reflects the increasing strength of the gestural 
force field during gestural onset. Phase values increase 
slowly at the beginning of gestural onset and more rapidly at 
its end. Equation (8) shows that phase value calculation (i.e., 
the location of gestural phase scale in time) solely depends 
on peak eigenperiod To, and gestural onset location tio n and 
t2o•. The offset interval is not important for the phase scale 
since the phase scale is intended to deliver a measure for the 

TABLE I. Corpus l: Broad transcription of analyzed German words 
/'CV:Can/uttered within different carrier phrases, ordered for analyzed ges- 
tures (rows) and ils context (columns). Analysis is performed for (a) three 
consonantal gestures (labial, apical, and dorsal) and (b) two vocalic gestures 
(dorsal la:l and doraal li:l gesture), which form the stressed syllable/'CV:/of 
the word, directly following the carrier plLrase. Carrier phrases:/gI•,za:..../ 
("1 saw ...");/di:..../("The ..."); fie.../(German prefix). 

Voiceless Voiced 
Carrier 

Gesture phrase Ca: Ci: Ca: Ci: 

(a) Consonantal 
labial •Iqza:... 'pa:t•n 'pt:pan 'ba:n•n 'bi:non 
apical •l•za:... 'ta:ton 'ti:f•n 'da:m•n 'di:v•n 
dorsal •lqza:... 'ka:m•n 'ki:m•n 'ga:b•n 'gi:s•n 

(b) Vocalic 
la:! di: .... 'pa:ton 'ba:z•n 
fi:/ ff .... 'pt:pan 'bi:tan 

(theoretically) temporally continuing gesture (solid lines in 
Fig. 7). 

II. EXPERIMENTS 

A. Material and procedure 

In order to estimate gestural parameters from naturally 
produced speech movements, two data corpora were col- 
lected from three adult speakers (two males, BK and GS; and 
one female, CO, all native speakers of German with no 
known speech anomalies). Corpus I: The speakers produced 
the phrases given in Table Ia three times and the phrases 
given in Table Ib six times. The procedure was repeated for 
each speaker 1 week later (two sessions). We analyzed five 
types of gestures occurring within the most stressed syllable 
of the utterance (one gesture from each item, as described in 
Table I): three types of consonantal gestures, i.e., apical, dor- 
sal, and labial (closing) gestures, and two types of vocalic 
gestures, i.e., dorsal/i:/and dorsal/a:/gestures. Corpus II: 
The same three speakers produced two short phrases 30 
times: Idi:'pato/ (slang form for "the money"), and 
/di:'pa:ton/("the godfathers"). This procedure was repeated 
I week later. Two types of vocalic gestures occurring within 
the most stressed syllable/'pad of "die Patte" and/'pa:/of 
"die Paten", i.e., German long- and short-vowel gestures, 
were analyzed. In order to measure the accuracy of the esti- 
mated dynamic model parameters, a third data corpus, con- 
taining synthetic articulator movements, was established. 
Here, two overlapping gestures were generated by the six- 
parameter model. The range of parameter values used for the 
generated movements comprised the parameter range of the 
gestures analyzed from corpus I and corpus II. 

Lip and tongue movements were tracked using an alter- 
nating magnetic field device, the Articulograph AG-100 
(Carstens Medizinelektronik GmbH, Grttingen, Germany) 
(Tuller et aL, 1990; Schbnle et aL, 1987; Perkell et aL, 1992, 
p. 30930. Receiver coils (diameter around 2 mm) were 
placed on the lower lip, on the tongue tip, and two on the 
tongue dorsum (around 20-25 mm and 40-50 mm posterior 
to the tongue tip receiver coil location), the anterior of which 
was used for tracking tongue body movements. In addition, 
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FIG. 10. Movement tralectories for lower hps (LL), 1ongue tip (TF}, and 
tongue body (TBI and TB2} for /di:pata• {subject BK). The 
xj/•2-coordinate system is defined by the Pwiculograph helmet; y gives the 
main movement direction (the location of the palate is indicated by the 
dashed line). 

one receiver coil was placed on the npper part of the nose for 
measuring a reference position. The receiver coil positions 
were tracked as function of time within the midsagittal plane. 
The magnetic field is produced by three transmitter coils 
mounted on a helmet worn by the speaker. For later com- 
puter analysis the movement data were directly AD con- 
vetted (400-Hz sampling frequency). The acoustic signal was 
recorded simultaneously (16 bits, 16 kHz). 

A direct interpretation of the two displacement-time 
functions provided by the device [x•(t).x2(t)| is problem- 
atic since the x•lx2-coordinate system of the device is arbi- 
trary. In the case of the Articulograph this coordinate system 
is defined solely by the helmet position. Thus the two- 
dimensional movement data were reduced by calculating the 
component in the main movement direction for each speaker 
and each session (y direction in Fig. 10), which normalizes 
the data according to helmet position and rotation. Since we 
focused on consonantal closing gesture:; in /il-lal context 
and vocalic gestures forming lil-la/or la/-lil transitions, the 
main movement direction is clearly visible from the (two- 
dimensional) midsagittal trajectories for each receiver coil. 
We identified this main movement direction with the model 

control parameter dimensions lip aperture, tongue tip height, 
and tongue body height (Kr6ger, 1993a'•, i.e., with the di- 
mension "degree of constriction." 

The resulting one-dimensional movetaent data as a func- 
tion of time were smoothed by natural cubic spline interpo- 
lation (see Press et ai., 1992. p. 113ff; w-_th a temporal win- 
dow of 25 ms). Fitting was done ou the unsmoothed 

movement data. But smoothing was helpful in order to 
implement semiautomatic procedures for peak picking in or- 
der to calculate the proper starting values. 

B. Results and discussion 

1. Accuracy of fitted movement traces and dynamic 
parameters 

The accuracy of the fitted movement traces was evalu- 
ated for the gestures of corpus I by calculating the mean 
distance of model to data values within the signal window 
using fitting procedure II (Table II). Comparing this mean 
distance to the mean distances of raw data to (cubic spline) 
smoothed data shows that the six-parameter model approxi- 
mates natural movement traces with nearly the same accu- 
racy as the smoothing algorithm itself. The mean difference 
between model and data is around 0.013 mm (+-0.003 mm), 
while the mean difference obtained by cubic spline smooth- 
ing is only slightly lower (0.009 mm -+0.004 mm). These 
mean values and their standard deviations were calculated 

across the whole signal window, taking into account all sub- 
jects, sessions, and types of gestures. Analysis of different 
types of gestures showed that the mean values are somewhat 
greater for apical gestures, since these gestures exhibit strong 
changes in velocity and acceleration. 

The accuracy of parameters estimated by procedures I 
(target position) and II (eigenperiod, onset interval location 
and beginning of offset interval) can be measured by fitting 
synthelic movement traces. For synthetic movements, the un- 
derlying dynamic parameter values are known in advance 
(predefined values) since these movements are generated by 
the six-parameter model. These values can be compared with 
the parameter values calculated by applying the fitting pro- 
cedures (calculated values) to these synthetic time functions. 
Table 11I gives the mean difference of calculated to pre- 
defined parameter values diff.,y• in absolute and relative 
units. The synthetic movements (corpus III) were generated 
by using values within the parameter range given in Table 
IlL No range can be given for t•o •, since the absolute time 
value of this parameter serves as reference (is set to zero). 
For estimation of target position Ytg the mean absolute dif- 
ference between calculated and predefined values can be re- 
lated to the distance of target position to initial gestural dis- 
placement (given as range in Table Ill). That leads to a 

TABLE II. Data and model values for all speakers, all sessions (corpus 1. N=1080). Data values: gestural 
peak-to-peak amplitude dyv•, gestural peak-m-peak interval leaglh dtpp; peak velocity Vm• • . Model values: 
fit-interval length t Joff -r•o,, mean distance of model to data values using cubic spline fitting dy=•p, and mean 
distance of model to data values using the six-parameter model dy6p m within the fit interval. (ab: absolute 
values: s.d.: standard deviation.) 

dyt, • dtpp Vma • t•o o- - rio a dye, p dypm 
[mm] [ms] tram/s] [ms] [tzm] [•m] 

Gesture ab s.d. ab s.d. ab s.d. ab s.d. ab s.d. ah s.d. 

Labial 5.82 1.26 105 15 111 27 76 14 10.7 4.4 11.2 4.6 

Apical 8.27 1.47 105 19 171 34 75 11 15.6 5.3 17.3 7.5 
Dorsal 9.41 1.33 139 21 143 25 101 18 8.7 2.5 10.6 4.8 

la:! 13.95 1.89 191 44 155 29 144 14 6.1 1.8 10.8 5.3 

/i:l ll.13 1.54 224 38 101 26 157 39 5.1 1.7 13.8 7.9 
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TABLE Ill. Range of parameter values; Absolute values and percentage of 
mean difference for calculated to predefined parameter values by fitting 
synthetic data diffsy n (N= 114, synthetic data: corpus III); And absolute val- 
ues and percentage of mean difference for procedure III to procedure 1I 
parameter values diffp (N = 100, natural data: Corpus I). 

Range Diffsy n Diffsy n Diffp Diffp 
Param. Units abs. abs. [%] abs. [%] 

Ytg [mm] 5.0-13.0 1.3 14.4 ...... 
T O [ms] 100-300 8.2 5.3 12.6 8.4 
rio n [ms] --- 7.6 ..- 12.7 ... 
t2o n [ms] 40-100 3.4 4.8 5.1 7.2 
tloff [ms] 60-150 9.5 9.1 4.2 4.0 

TABLE IV. Standard deviation (s.d.) for measured displacement maxima 
y½x, standard deviation for calculated (fitted) target positions Yt•, and abso- 
lute mean values (ab) and standard deviation for the target to extreme dis- 
tance Yt•-Yex (corpus I, all speakers, all sessions; N= 1080). 

Ytg-Yex 
Yex Ytg [mm] 

[mm] [mm] 
Gesture s.d. s.d. ab s.d. 

Labial 1.10 1.33 1.09 0.97 

Apical 0.65 1.60 2.23 1.78 

Dorsal 1.23 2.33 2.63 2.31 

/a:/ 1.76 3.40 4.64 3.04 

relative difference around 15% indicating that target estima- 
tion by fitting is not very precise. Estimation of eigenperiod 
T 0, beginning and end of onset interval tlo n and tio•f (fitting 
procedure II) yields low relative differences around 5%. Be- 
ginning of offset interval qoff, which indicates the end of the 
fit interval in the case of procedure II, is around 10%. (The 
accuracy of the parameter t2o ff was not estimated, since in 
this case we have to synthesize complexes of three overlap- 
ping gestures.) 

The parameters T 0, tlo n, t2o n, and t•ff can also be esti- 
mated by procedure III, taking into account the overlap with 
the preceding gesture. Fitting procedure III in addition esti- 
mates the end of the offset interval t:o•f of the preceding 
gesture (not evaluated here). Since overlap is very important 
within a gestural theory, and since only the succession of 
fittings for all gestures leads to the full resynthesis of the 
movement traces of complete utterances, it is very important 
to evaluate the differences for eigenperiod T O and the time 
values tlon, t2on, and t•off between procedure II and procedure 
III (diffp). We estimated these differences by fitting natural 
data. In order to ensure that the full parameter range given in 
Table III is covered, we analyzed 20 tokens of each type of 
gesture of corpus I by applying procedures II and III. It can 
be seen from Table III that the parameter differences result- 
ing from both procedures are less than twice the values of 
diffsyn, i.e., the measurement error for parameter estimation 
of the algorithm itself. That indicates that piecewise fitting as 
done by procedure II is sufficient for a rough evaluation of 
gestural parameters. 

The fact that gestural overlap only slightly influences the 
estimated parameter values of the following gesture can be 
understood from the influence of the force fields on the ar- 

ticulator during an overlap of two gestures. Since the articu- 
lator is near the target of the preceding gesture, i.e., near the 
origin of the force field of this gesture (Figs. 2 and 3), the 
acceleration from the field of the preceding gesture is con- 
siderably lower than that from the force field of the follow- 
ing gesture during the interval of overlap. Therefore, the in- 
fluence of the force field of the preceding gesture is relatively 
weak, if this force field dies out before the articulator moves 
far from the target of the preceding gesture. 

2. Target estimation 
In contrast to extreme displacement Yex, gestural target 

position Ytg cannot be measured directly from movement 

/i:/ 1.02 1.35 0.53 0.96 

data, since gestural targets lie beyond the extreme displace- 
ment points of any gestural trajectory. Target position can 
only be estimated indirectly from the shape of the articula- 
tory displacement-time functions • by taking into account, in 
particular, the main gestural velocity peak. Analysis of syn- 
thetic movement traces suggests that target estimation is not 
very accurate. As stated above, target estimation is made by 
only analyzing unreduced gestures, i.e., gestures within the 
most stressed syllable of an utterance. For these gestures the 
minimal articulator target distance, i.e., the distance between 
extreme displacement and target is low. Since we focused on 
articulatory movements in/i/-/a/contexts, target positions are 
estimated only within the dimension of main movement 
component. 

The results for the accuracy of target estimation are 
given in Table IV. This table compares the kinematic vari- 
able extreme displacement Ycx with the estimated model pa- 
rameter target position Ytg. It can be seen that standard de- 
viation for target position is one to three times greater than 
the standard deviation for extreme displacement. This re- 
flects the fact that the extreme displacement is directly mea- 
surable, while target position is not. It is remarkable that the 
standard deviation for target position is of the same order of 
magnitude as the difference of target position to extreme 
displacement Ytg-Yex ß 

The high standard deviation of the extreme displacement 
for/a J-gestures can be explained by the fact that our tongue 
body recefver coil does not reflect the area of main constric- 
tion in case of the/a/. For this vowel, the main constriction 

occurs in the pharyngeal part of the vocal tract (Wood, 
1979). Perkell and Nelson (1982) found lowest variance for 
target position of/i/ and/a] in the region of the main con- 
striction, perpendicular to the vocal tract walls, i.e., in the 
palatal region and vertical direction for/i/and in the pharyn- 
geal region and horizontal direction for/aJ. This component 
of precise articulation nded not result from precise muscular 
actions. It can be explained by anatomically based saturation 
effects (Fujimura and Kakita, 1979). Saturation effects may 
also be the reason for abrupt changes in articulator motion, 
which we found for all types of gestures except lip gestures. 
These abrupt changes always constitute the end of the fit 
interval for procedures I and II. For example, in the case of 
an apical closing gesture, saturation originates from the fact 
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TABLE V. Eigenperiod values To, phase values of peak velocity phew0, and 
relative arficulator-target-distances at 180 and 360 deg Yqso and yry•0 for all 
speakers and all sessions (corpus I, /V=ifi80). a•: absolute values; s.d.: 
standard deviation. 

T O Pha• Yqa0 Yq60 
[ms] [deg] [%] [%] 

Gesture ab s.d. ab s.d. ab s.d. ab s.d. 

Labial 127 26 101 13 25.2 2.0 2.35 0.26 

Apical !i4 19 104 15 25.9 2.0 2.49 0.25 

Dorsal 169 35 106 17 26.2 2.1 2.40 0.28 

la:l 240 50 I08 17 26.2 1.8 2.34 0.26 

li:! 261 72 98 24 24.8 2.1 2.16 0.27 

that the tongue blade is pushed against and restrained by the 
hard palate ("clipping" in our gestural production model; 
Krrger, 1993a, b). 

Since the contact of the tongue tip or blade with the 
alveolar ridge or the hard palate for apical and dorsal closing 
gestures is clearly visible in the movemc. nt traces, the stan- 
dard deviation of extreme displacement 2'•x for lingual clos- 
ing gestures should be zero. The actual nonzero standard 
deviation (Table IV) first results from tY•e limited measure- 
ment precision of the device (e.g., tilting receiver coils) and 
from movements of the helmet position relative to the scull 
during a session. Second, the nonzero standard deviation re- 
suits from the varying constriction location of the gesture- 
performing articulator. Due to our data reduction into one 
dimension (i.e., into the direction of degree of constriction), 
changes of constriction location cannot be detected but may 
lead to small changes of vocal tract wall position in the main 
movement direction. Therefore, mo•e complex two- 
dimensional procedures for target estimatton should be intro- 
duced for further investigations. 

3. Estimation of gestural onset Iocat•bn and gestural 
eigenperiod 

Mean values for eigenperiod and phase value of peak 
velocity estimated from natural data using procedure II are 
given for each type of gesture in Table V (corpus I) and 
Table VI (corpus II). At a first view these data could be 
interpreted in the following way: Eigenpedod differs for dif- 
ferent types of gestures while the phase value of peak veloc- 
ity is roughly constant (mean value is 102 deg). Thus eigen- 

TABLE VI. Eigenpedod values To, phase •alues af peak velocity pha•v, 
and absolute time and phase value for end of gesture dte•a, pha,•a for all 
speakers and all sessions for two roeclio gestures (long) la:l gesture. and 
(short) /a/ gesture) (corpus II, N-360). ab: absolu:e values; s.d.: standard 
deviation. 

T O Pha•o dt•nd Phaen d 
[ms] [deg] [ms] [deg] 

Gesture ab s.d. ab •.d. ab s.d. ab s.d. 

la:l 239 42 I01 13 156 33 350 80 

lag 259 35 96 I 1 78 19 207 32 

period clearly refiect• the type of gesture (e.g., consonantal 
versus w)calic). If the phase value of peak velocity is taken 
as a measure for gestural onset interval location, its con- 
stancy would indicate that the gestural onset interval is lo- 
calized in a similar (not necessarily identical) way for differ- 
ent types of gestures. But a closer analysis of the data 
including statistical analyses indicates that the situation is 
more complex. 

Analyses of variance were performed for the gestural 
eigenperiod values of corpus I in order to evaluate the effects 
of (type of) gesture (df=4,1079), speaker (df=2,1079) and 
session (df= 1,1079). The main effects were significant for 
gesture (F=575.81, p<0.0001), speaker (F=30.78, 
p<0.0001), and session (F=8.65, p<0.01). Two- and three- 
way interaction effects reached significance except for 
speaker/session interaction (p>0.05). Thus also the factors 
of speaker and session reached significance, but the amount 
of variance accounted for by the factor gesture is 63% for 
our data while the total amount of variance accounted for by 
all three factors (including all interactions) is only 8% 
higher. This indicates that the factor gesture is the most im- 
portant one, but, up to a certain degree, the eigenperiod also 
reflects variation referring to speaker and session. 

Post hoc Scheff• comparisons (Hays, 1988, p. 415f0 for 
different types of gesture show that the high significance 
level (p<0.0001) of the main effect gesture can only be 
reached for the difference of vocalic versus consonantal ges- 
tures and for the difference of the dorsal consonantal versus 

other consonantal gestures (labial and epical). The remaining 
independent comparisons between the vocalic gestures (/a:/ 
vs/i:/) and between the nondorsal consonantal gestures (la- 
bial versus apical) yielded lower significance levels (p 
<0.001 and p <0.05). Thus, for eigenperiod, three classes of 
gestures can be differentiated: Vocalic gestures, dorsal con- 
sonantal and nondorsal consonantal gestures. 

Analyses of variance performed for the phase value of 
peak velocity for Corpus I showed significant main effects 
for gesture (F=12.14, p<0.0001), for speaker (F=9.75, 
p<0.0001), and for session {F=10.06, p<0.005), while 
most interaction effects were not significant. This indicates 
that the gestural velocity peak occurs at (slightly but signifi- 
cantly) different phase values for different types of gestures 
which results from the fact that different types of gestures 
exhibit slightly different velocity profiles. Again, the factors 
speaker and session reached significance but the total amount 
of variance accounted for by all three factors (including all 
interactions) is only I1% for these data. 

Table V also gives mean values for the relative 
articulator-target distance at 180 and 360 deg. It should be 
noted that these measures refer to the hypothetical case of an 
undisturbed and temporally unlimited gesture (see the solid 
lines in Fig. 4). At a first view these values are roughly 
constant for all types of gestures. Mean values are around 
25.7% for 180 deg and around 2.35% for 360 deg. Thus 
phase values may deliver a measure for the degree to which 
a gesture has been performed. But analyses of variance 
yielded significant main effects and significant interaction 
effects. Thus small but significant interspeaker- and 
intersession-differences occur. The total amount of variance 
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(including all interactions) accounted for by the three factors 
is only 18% for the 180-deg value and only 23% for the 
360-deg value for these data. 

Despite the fact that the mean values for the phase value 
of peak velocity as well as for the relative articulator-target 
distances at 180 and 360 deg are relatively stable for all 
gestures, the great amount of variance which cannot be ac- 
counted for by the factors analyzed above indicates that the 
calculation of phase values for a gesture is not very precise. 
Our fitting procedure gives only a rough estimate for the 
location of the phase scale for a gesture. 

Beside eigenperiod and the phase value of peak velocity 
Table VI gives two measures for the time of extreme dis- 
placement, which indicates the end of the gesture as defined 
above by the starting conditions. The first variable is the 
absolute length of the time interval starting at the beginning 
of the gestural onset phase, while the second is the appropri- 
ate phase value. For both measures significant differences 
(p<0.0001) occur for the two types of vocalic gestures, i.e., 
German long versus short vowel gestures. Together with the 
relatively similar eigenperiod values for both types of ges- 
tures, this reflects the fact that both types of gestures mainly 
differ in their duration. It is remarkable that the phase values 
estimated by our quantitative approach are comparable to the 
release phase values given by Browman and Goldstein 
(1990). 

III. GENERAL DISCUSSION 

A quantitative model (six-parameter model) for fitting 
articulatory gestures has been developed. On the one hand, 
this model is based on current linguistic approaches (Brow- 
man and Goldstein, 1989) and, on the other hand, on a physi- 
cal dynamic model for the analysis and description of speech 
movements. According to our detailed dynamic model, high- 
fit accuracy is obtained not only for displacement but also for 
velocity and acceleration. The model introduces time inter- 
vals of finite extent for gestural onset and offset. Onset and 
offset are seen as continuous and nonabrupt processes. 
Abrupt changes of dynamic gestural parameters are avoided. 
A main point, which differentiates our fitting procedure from 
others (e.g., from Browman and Goldstein, 1985; Smith 
et al., 1993), is that our algorithm does not use predefined 
and fixed time windows for gestures. The estimation of ges- 
tural location is the result of our fitting procedure itself. Es- 
timation of gestural onset as well as offset is one of the main 
features of this gestural analysis. The model is able to fit a 
great variety of articulatory movement shapes without vio- 
lating the assumption of monotonicity for gestural movement 
shapes; i.e., each gesture represents a monotonically ascend- 
ing or monotonically descending movement. 

Fitting synthetic data shows that the onset interval loca- 
tion and eigenperiod can be estimated precisely. Fitting natu- 
ral data indicates that the estimation of onset location is 

stable. Eigenperiod values differ significantly for consonan- 
tal and vocalic gestures, which is in agreement with hypoth- 
eses stated by Browman and Goldstein (1990). For conso- 
nantal gestures eigenperiod values differ with respect to the 
gesture-executing end-articulator. Gestural targets cannot be 
measured directly from the movement data, since by defini- 

tion targets are never completely reached by the gesture- 
executing articulator. Targets are located beyond extreme 
gestural displacements in all cases and can be estimated only 
from the kinematics and underlying dynamics of the associ- 
ated gestural time function. Thus our target estimation pro- 
cedure leads only to a rough estimation of the target position. 

The fitting algorithm introduced in this approach is a 
piecewise fitting of articulator movements, that results from 
the strong coupling of our dynamic model with a linguistic 
concept, i.e., the concept of discrete gestures with finite ex- 
tent in time. The piecewise fitting may be a shortcoming 
since it makes automated data processing difficult. Interac- 
tive procedures are needed in order to obtain appropriate 
starting values, which makes the fitting time-consuming. But 
it is shown that fitting whole movement traces is possible 
(fitting procedure III). From a comparison of eigenperiod and 
onset estimation performed by different procedures, i.e., iso- 
lated fitting of a gesture (procedure II) compared with simul- 
taneous fitting of two gestures (procedure liB, it can be con- 
cluded that parameter estimation is possible by an isolated 
fitting that neglects overlap of adjacent gestures. This facili- 
tates parameter extraction from movement data, since other- 
wise complex procedures for simultaneous parameter estima- 
tion for all gestures of an utterance would be necessary. 

Within this approach gestural onset and offset are not 
modeled as discrete events, i.e., distinct time instants, but as 

continuous processes, i.e., time intervals for gestural onset 
and offset. The location of these intervals, i.e., the estimation 
of the overall location and shape of gestural strength func- 
tions or activation pulses for each concrete gesture of an 
utterance, is a main result of our fitting procedure. 

It should be noticed that our measurements neither sup- 
port nor contradict concepts of relative or absolute timing. 
Phase values are simply used as a measure for gestural mag- 
nitude. Since, from our viewpoint, eigenperiod is also a 
gesture-inherent parameter -- in addition to target position 
-- it is possible to measure gestural phasing by phase values 
as well as by absolute time values. But this six-parameter 
model delivers a concrete method for calculating intrinsic 
gestural phase values. Our measurements indicate that the 
relative articulator-target-distance mainly depends on phase. 
Therefore, a phase value describes the degree to which a 
gesture has been executed, i.e., the instantaneous gestural 
magnitude. Furthermore, phase may be an important concept 
for describing the duration of long versus short vowel ges- 
tures (see analysis of Corpus II), intergestural timing in stress 
contrasts, and speech tempo variations. In further experi- 
ments it is necessary to evaluate these kinds of linguistic 
influences using this quantitative model. 

A long-termed goal of this work is the implementation 
of this quantitative six-parameter model as the basis for the 
control module of an articulatory synthesizer. This can im- 
prove the naturalness of generated articulator movements in 
comparison to gestural movements based on step- 
rectangular-shaped strength functions. Since our extended 
dynamic model for speech gestures is capable of fitting ar- 
ticulatory movement traces with high accuracy, it can be as- 
sumed that the model is realistic and that the extracted dy- 
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namic parameters are significant and u,,.eful for describing 
speech movements. 
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