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Abstract: No quantitative specifications are known for neurobiologically motivated
motor plans of speech actions (i.e. syllables, words, or utterances). This paper is
motivated by the notion that quantitative parameters — as they can be estimated using
a three-parameter model of movement trajectory approximation — are valuable
candidates for specifying each movement action within the motor plan of an entire
speech action. This paper will also argue that each movement action is comprised of
a preparation phase, a target approximation phase, a target phase, and a release
phase. Index Terms: speech action; motor plan, movement action; vocal tract
action; movement trajectory; target approximation

1 Introduction

One of the main goals of our group is to develop a neurobiologically based, comprehensive,
quantitative model of speech production, perception and acquisition [1], [2], [3], [4], and [5].
Within this approach, speech movement actions are assumed to be the basic units which
comprise syllables, words, and utterances [2]. Speech movement actions (e.g. a bilabial clo-
sing action for producing a /b/ or a bilabial closing action together with a glottal opening
action for producing a /p/, etc.) are temporally organized in a motor plan or action score ([6]
and see below). In neurobiologically based models of speech production, motor plans — i.e.
representations of motor and articulatory movement planning for the whole set of vocal tract
articulators (tongue, lips, lower jaw, velum, glottis, lungs) for whole syllables, words, or
utterances — are assumed to be located within premotor cortical areas and within the anterior
insula, while neural activations in primary motor areas are responsible for action execution
(e.g. [7] and [8], p. 17). Current neurobiologically based models which describe speech move-
ment actions focus mainly on the execution of single movement actions or simple sequential
orderings of two or three movement actions, usually acting on the same articulator; e.g. [9],
[10], [11], and [12]. Thus, on the one hand, there is so far no neurobiologically based quanti-
tative model which is capable of generating comprehensive speech motor plans, taking into
account the entire complexity of temporally overlapping speech movement actions, i.e. tem-
porally overlapping vocalic tract-forming, consonantal closing or constriction-forming, velo-
pharyngeal opening, and glottal opening or closing actions, which occur within a syllable,
word, or utterance. But on the other hand, elementary quantitative dynamic models which
describe target-directed movement trajectories using a small set of parameters do exist (for
speech movement actions see [13], [14], [15], [16], [17], [18], and [19]). The primary goals of
this paper are to offer a neurobiologically motivated interpretation of the parameters defined
within our quantitative model describing movement trajectories ([18] and [19]) and to specify
a feasible set of neurobiologically motivated parameters for a quantitative specification for
speech motor plans on this basis.
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2 Entire actions and movement actions

Each entire action can be defined as a specific goal-directed behavior of a subject [2]. Two
major types of actions are private actions, such as grasping an object or walking, and
communicative actions, such as speaking, manual gesturing, or producing facial expressions
[ibid.]. In the case of a private action, the goal of an entire action may be to move an external
object or to move the subject’s own body towards a desired target location. In the case of
speech, the goal of an entire action (also called speech action) is to produce an understandable
word or utterance. A private grasping action may be composed of a series of (basic)
movement actions which are target-directed, e.g. (i) reaching out towards the object with the
hand-arm systems, (ii) grasping the object with the hands, and (iii) moving that object towards
a desired target location. These movement actions are temporally organized in an action
score. A speech action (e.g. the production of a word) is composed of a score of speech
movement actions (also called vocal tract actions, see [6]). Vocal tract actions can be
separated into four types of actions: supraglottal vocalic, supraglottal consonantal,
velopharyngeal, and glottal. The goal of a vocalic or consonantal action is to produce a
specific supraglottal vocalic vocal tract shape, consonantal constriction, or consonantal
closure. The goal of a velopharyngeal action is, for example, to produce a velopharyngeal
opening as part of a nasal sound. The goal of a glottal action is, for example, to produce a
glottal closure as part of a voiced sound, or to produce a glottal opening as part of a voiceless
sound [6]. An example for the temporal organization of speech movement actions by an
action score is given in Fig. 1 for the German word “Kamm” (‘comb”). It should be noted that
each movement action may control more than one articulator (e.g. lower jaw and lips in the
case of a bilabial closing action or lower jaw and tongue in the case of vocalic movement
actions; see Fig. 2).

Thus, an entire action — defined above as a high-level goal-directed behavior — is implement-
ted as a unit for controlling an ensemble of articulators (or effectors) accomplishing a set of
target-directed movements called (basic) movement actions. As already stated above, the tem-
poral relations of all speech movement or vocal tract actions comprising a speech action (e.g.
a word) are specified within the action score. A time interval can be defined for the execution
of the entire speech action (e.g. the whole word) as well as for each movement action of
which this entire action is composed. Each time interval of a movement action can be divided
into a preparation, approximation, target, and release phase. If only the execution of the
movement action is taken into account, the preparation phase can be left out. Strong articula-
tor movement within a speech movement action occurs during its approximation and release
phase (dark blue rectangles in Fig. 1). Less movement occurs during the target phase because
the spatial target has nearly been reached at this point (e.g. the time interval of closure in a
consonantal closing action represents the target phase of a speech movement action). No
articulator movement is generated from a speech movement action during its preparation
phase. Thus, the preparation phase occurs during the time interval starting with the activation
of the first motoneurons (i.e. motoneuron recruitment) for that speech movement action and
ending with the onset of the articulator movement which is induced by this speech movement
action (see also the next paragraph).

A target phase is allowed to be absent for a movement action in stress-timed languages, for
example in the case of the realization of an unstressed (reduced) vowel. Here, vowel quality
perception mainly results from perceptual processing of the formant transitions, which occur
during the approximation phase of the movement action. A target phase may also be absent in
the case of approximants, i.e. speech sounds which are defined mainly by articulator move-
ments and which lack sustained constrictions or closures as seen in plosives or fricatives. But
even in the case of plosives and fricatives, target phases may be strongly reduced if the
speaking rate is fast and/or the speaking style is casual. Moreover, in the case of plosives and
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fricatives the movement phase of the speech movement action is very important (i) for coding
the place of articulation on the basis of formant transitions, and (ii) for indicating the closure

or constriction.
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Figure 1 — Action score and part of the motor plan representation for the German word “Kamm”
(‘comb’). From top: midsagittal views of the vocal tract for seven points in time; phonetic
transcription; oscillogram and spectrogram of the acoustic signal; and action score of the word /kam/.
The action score is organized into four tiers: vocalic, consonantal, velopharyngeal, and glottal. The
upper part of each tier indicates four time intervals for each vocal tract action: the preparation (light
blue rectangle), approximation (dark blue rectangle), target (white rectangle), and release (dark blue
rectangle) phases. Primary articulator movements occur within the approximation and release phases.
The name of each vocal tract action is abbreviated using four letters which are displayed in the white
rectangle (target phase) of each vocal tract action. Abbreviations are explained in Fig. 2 (below). The
lower part of each action score tier indicates rows of motor plan neurons; white = no activation, black
= full activation of a neuron. Each motor plan neuron represents a time interval of 12.5 ms, and each
row of motor plan neurons indicates the degree of target approximation as it is reached by a vocal
tract action at a specific point in time. (It should be noted that only the approximation and target
phases of speech movement actions are displayed in earlier publications; e.g. [2]; also, the
“approximation phase” was labeled “movement phase” in earlier publications, including [20].)

name of movement action abbreviation articulators involved

labial full-closing action clla upperlip

dorsal full-closing action cldo\_ lower lip

short-/a/ tract-forming action tfsa \ lower jaw
D tongue

velopharyngeal tight-closingaction tevp

velopharyngeal closingaction clvp > {velum

velopharyngeal openingaction opvp —

glottal openingaction opgl —_— vocalfolds

glottal closing action clgl — | arythenoids

Figure 2 — List of vocal tract actions comprising the word /kam/ (Fig. 1) and list of articulators in-
volved in the execution of the different vocal tract actions.



3 The neurobiological perspective on speech actions
From the neurobiological point of view we can differentiate four levels of action realization.

(i) At the cognitive level, an action activates its cognitive symbolic representation. This repre-
sentation is a qualitative specification of the goal-directed behavior — e.g. to produce an
understandable word — and thus it is closely related (a) to the meaning of a word or utterance
(i.e. its semantic specification) as well as (b) to a qualitative representation of the goal-
directed behavior of that action (e.g. a phonological specification of all movement actions
comprising the speech action; for the distinction between cognitive and sensorimotor aspects
of actions, see [2]. These symbolic action and movement action representations occur at the
level of the mental lexicon, located within the temporal cortical lobe [21].

(ii) At a high sensorimotor level, the preparatory network for speech actions has been substan-
tiated (preparatory loop, see [7]). This network — comprising the medial and dorsolateral
premotor cortex, the anterior insula, and the superior cerebellum — is responsible for motor
planning. A motor plan can be interpreted as a neurobiological realization of an action score.
It comprises a coarse quantitative specification of the temporal relations between all move-
ment actions, i.e. how the movement actions are coordinated with each other in the temporal
domain (Fig. 1), but it does not determine the articulatory trajectories of movement actions in
detail (see [8]).

The temporal delay between preparing an action (i.e. peak activation at the level of the pre-
frontal cortex for action planning) and activating motoneurons for its (first) movement actions
(i.e. activating neurons at the level of the primary motor cortex for action execution) is about
100 to 200 msec. This value was estimated from manual actions (see [22]), but it should be
noted that manual actions as well as speech actions are planned in the same premotor area (i.e.
Brodmann’s area 44) and that both types of actions are acquired by associative learning
during “babbling” and “imitation” phases in early infancy (see [2]).

(iii) At a lower sensorimotor level, the executive network for speech actions has been substan-
tiated (executive loop, see [7]). This network — comprising parts of the sensorimotor cortex
including the primary motor cortex (with its upper motoneurons), basal ganglia, and inferior
cerebellum — is responsible for the execution of the motor plan. At its lowest level, this
executive network is linked with the lower motoneurons, which are located within the brain
stem in the case of the vocal tract articulator system. Muscle forces are generated from moto-
neuron activations and result in articulator movements. Motoneurons can be grouped into
specific sets which control specific muscles, parts of muscles or groups of muscles. Such sets
of motoneurons and their corresponding muscles, parts or groups of muscles have been
identified for different speech movement actions in [9], [10], [11], [12], and [23]. Moreover,
these authors have adapted the equilibrium point hypothesis (i.e. A-model of motor control) in
order to model motoneuron activation for speech actions in a quantitative way. It this
approach, speech movements are seen to be controlled by an ongoing activation of the
motoneurons of several muscles or parts of muscles over the whole duration of a movement
action. Co-contraction of agonist/antagonist muscle pairs is important in order to produce
stable articulator movements; see especially Dang and Honda [11] for an excellent description
of tongue dorsum, tongue tip, and lower jaw movements. Motoneuron activation results
(a) from efferent higher level neural signals (control commands from premotor areas) and/or
(b) from afferent proprioceptive neural feedback signals ([9] and [24]). The latter mainly
provide information concerning the current muscle length and its time derivative [9].

It should be noted that movement actions may involve more than one articulator, and that
most articulators are controlled by more than one muscle for executing a specific action;
examples are given in Fig. 3. Thus, control of the execution of each movement action is a
complex task comprising (i) a synergetic coordination of more than one articulator (see [14])
and (ii) a complex activation pattern for different muscles (or parts or groups of muscles),
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which means it is also a complex activation pattern for different sets of motoneurons. The
temporal coordination of the whole set of movement actions at the speech action level results
in a complex higher-level premotor neural activation pattern during action execution.
However, this does not represent the maximum level of complexity which may occur in
speech production, since one articulator may be under the active control of two or more
temporally co-occurring movement actions at a given time as well. An example is the control
of the lower jaw in the word “Kamm” (Fig. 1), which is governed by the short-/a/ tract-
forming action but also by (i) the dorsal closing action for /k/ at the beginning of the vocalic
action (i.e. during its movement phase) and (ii) the labial closing action for /m/ at the end of
the vocalic action (i.e. during its target phase).

The VITE model ([26] and [27]) not only takes into account the neural circuits comprising the
lower motoneurons and the muscle fibers (as is the case in A-model), but also includes the
upper motoneurons, located at the level of the primary motor cortex, and it also includes parts
of the cerebellum, basal ganglia, and thalamus as well as primary proprioceptive cortical
areas, i.e. the pyramidal and extrapyramidal motor pathways. This model postulates ongoing
activation of the primary motor areas during the entire execution of movement actions, as is
proposed by the A-model for the lower motoneuron level.

movementaction articulator muscle

hyoglossus
genioslossus anterior

"tongue
/a/ tract-forming action <
| lower jaw

genioglossus posterior

Ctongue
styloglossus

/i/ tract-forming action - lips
| lower jaw
- styloglossus

tongue genioglossus posterior
Ju/ tract-forming action o

lips

| lower jaw

- longitudinalis superior
tongue genioglossus posterior

lower jaw

apical closing action .

Figure 3 — List of three vocalic and one consonantal movement actions, controlling different
articulators. Each articulator is controlled by a specific set of muscles for each movement action;
muscles are specified here only for the tongue following [10], [11], and [25].

It should be noted that in addition to distinguishing between planning and execution, as
introduced above, a network for “being prepared” and/or for “initiating an action” (i.e. a
network which is functionally activated after planning/preparation and before execution) has
recently been substantiated at the level of the supplementary motor area (see [28]).

(iv) At the articulatory level, the muscle force, muscle mass, and mass of bony structures as
well as the damping characteristics of the whole vocal tract articulator system define the
dynamical behavior of each articulator for each movement action. The resulting kinematics
of all articulators during the execution of an action is the basis for action perception (see e.g.
[2]). Because the vocal tract articulator system comprises mostly muscle and only few bony
structures, mass is neglected in many approaches to speech articulation. Dang and Honda [11]
completely neglect articulator mass in their dynamical approach and model the motoneuron—
muscle system (i.e. the articulator system) using spring and damping elements. Thus, in this
approach, not the muscle—articulator system, but rather the motoneuron—muscle system
mainly determines the time delay for articulator movement after motoneuron activation. The
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build-up of the muscular force after a step pulse activation of the motoneuron occurs gradu-
ally with a time delay of around 90 msec ([24], p. 376 and [9], p. 1618). A second order low
pass filter may be used for modeling this gradual build-up of muscle force (ibid.).

Thus, the time delay from onset of action planning (i.e. onset of activation of premotor corti-
cal areas e.g. for the preparation of a syllable or word) to onset of motoneuron activation for
the first movement actions (planning time for the entire action) is about 100-200 msec (e.g.
for the planning of a whole syllable; see above), and in addition the time delay between onset
of neural activation for a specific movement action (i.e. onset of activation of primary motor
areas) to onset of the intended articulator movement for a movement action (movement
execution delay) is about 90 msec. There may also be an additional planning or preparation
time interval for each movement action since different articulators must be coordinated syner-
getically for the execution of each movement action. This preparation time for movement
actions occurs as part of the planning time for the entire speech action (e.g. a syllable) and
must be added to the movement execution delay of 90 msec in order to specify the duration of
the preparation phase of a movement action (light blue rectangles in Fig. 1). The preparation
phase of a movement action is the time interval between the starting time for neural activation
of a movement action (not the entire action!) and the starting time of articulator movements
generated by that movement action.

4 Quantitative approaches to modeling speech movement actions

A preliminary quantitative concept which can describe speech movement actions is the
critically damped second-order dynamical system (spring—mass system as a representation of
an articulator—muscle system, e.g. [14], and [17]). In this approach, a time-invariant spatial
target is assumed to represent the spatial target for each type of movement action. Also, a
stiffness value determines the rapidity with which the target is approximated (the higher the
stiffness level, the shorter the movement phase of that movement action); in the approach of
Kroger et al. [17], the term ‘stiffness’ is replaced by the strength of activation of the force of a
movement action. The force is assumed to be generated by the action, which induces muscle
forces and initiates an attractor force, leading to target-directed articulator movements. It is an
important feature of these models that the basic dynamic system is time variant. Each
movement action is limited in time, i.e. there exists a point in time at which the movement
action starts (is “switched on”) and ends (is “switched off”). The details as to how the timing
relations between movement actions should be quantified are still being debated. Saltzman
and Byrd [15] describe a mechanism for the relative timing of movement actions based on the
coupled oscillator assumption, i.e. based on intrinsic bodily processes. Kroger et al. [17]
assume that timing relations for movement actions in speech are learned during the babbling
and imitation phases of speech acquisition — in which imitation training especially can be seen
as an extrinsically motivated behavior. This learning is governed by trial-and-error procedures
since the improper timing of movement actions directly leads to mispronunciations and thus
to a failure concerning the goal of speech actions, which is to produce understandable words
and utterances. No attempts have been made by Kroger et al. [17] until now to identify
mechanisms or rules for the timing or phasing of speech movement actions. But since the
action scores of frequent syllables are assumed to be ordered in self-organizing maps in our
approach (ibid.), generalization occurs and thus rule-extraction may occur as a byproduct (see
e.g. [29] and [30]).

If the goal of a quantitative model for describing movement actions is to match natural
movement trajectories with maximal accuracy, the assumption of the second-order dynamical
system is only tenable if the activation of each action — i.e. the “switching on” and “switching
off” of the attractor’s force, defined by the second-order dynamical system — is modeled with
a gradual or smooth onset and offset. This results, for example, in a six-parameter model for
describing speech movement actions [17]. Four parameters describe starting and ending times
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of onset and offset intervals for the force of the movement action; one parameter describes the
maximal strength of the force, which occurs within the target phase of the movement action
(Fig. 1); and one parameter describes the spatial target location. This six-parameter model is
capable of describing the natural movement trajectories of speech articulators with high
accuracy. Moreover, the onset and offset intervals, as well as the strength of the force, result
from the parameter approximation procedure, while the spatial target locations of actions —
defining the spatial target of the appropriate speech sounds — are predetermined.

In the same vein, a three-parameter model for describing articulatory movement trajectories
has been developed by Birkholz et al. ([18] and [19]). This model is also time-variant and
based on a dynamical systems approach. Up to this point, this approaches cited above have
made the assumption of a second-order system based on the neurobiological and physical
viewpoint. However, for the preparation/planning and execution of articulator movements
during speech, this assumption is not justified. For this reason, Birkholz et al. ([18] and [19])
assume a higher order, i.e. a sixth to tenth order dynamical system which is “switched on” by
a step pulse command. The model comprises only three parameters: a command onset time, a
time constant for the rapidity of target approximation, and the spatial target location (ibid.).
As in other approaches, the target location can be predicted, while command onset time and
movement rapidity are estimated based on movement trajectory approximation for each
movement action occurring within the entire speech action. Since the high order (sixth to
tenth order) dynamical system leads to a time delay of approximately 50—100 msec or more
between command onset and the onset of the resulting articulator movement (ibid., Fig. 4 and
Fig. 10), this onset time of the dynamical system can be interpreted as the onset time for the
neural activation of a movement action (preparation time of a movement action; see above).
An abrupt step pulse for which marks the “switch on” of the dynamical system is introduced
in this approach (ibid.) and does not lead to any disadvantage in terms of the how well it
describes natural movement trajectories. Thus, in this approach the dynamical system may be
interpreted as a comprehensive model for the preparation and execution of a movement
action. But it should be noted that in its current version, the three-parameter model only aims
for modeling CV or VV-sequences (C = consonant, V = vowel). No attempts are made to
model more complex entire speech actions. Thus, in the current version of the three-parameter
model, the dynamical system parameters change in a step-wise manner from the command
onset time of a preceding movement action to the command onset time of the following
movement action within a sequence of movement actions which act on the same articulator.

5 How can motor plans for speech actions be represented in a neurobio-
logical model of speech production?

An important feature of our neurobiological model of speech production, perception, and
acquisition is that it takes into account neural representations of motor plans as well as audi-
tory and somatosensory representations of entire speech actions [1]. A preliminary neural
representation of the temporal pattern of movement actions within a motor plan of speech is
described in [4] and [31]. Here, each movement action is divided into an approximation,
target, and release phase (cf. Fig. 1); a preparation phase was not included in earlier studies.
An estimation of the temporal duration of these different phases of a movement action was
done on the basis of acoustic and articulatory data (see [32] and [33]).

The approximation phase (called the onset phase in [32] and [33]) represents the first main
movement phase of the action, i.e. the time interval between the starting time of the intended
target-directed articulator movement and the point at which the target region is approximated.
The duration of the approximation phase was found to be long for vocalic and velopharyngeal
movement actions, and significantly shorter for consonantal and glottal movement actions
(ibid.).
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The target phase represents the time interval in which the spatial target is approximated. In
the case of consonantal actions, the target phase represents the time interval of closure or
constriction; in the case of vocalic actions, the target phase represents the short time interval
or point in time in which the target vocalic vocal tract shape is maximally approximated. In
the case of a velopharyngeal opening action, the target phase represents the relatively short
time interval of maximal velopharyngeal opening. In the case of a glottal opening action, the
target phase represents the relatively short time interval of maximal glottal opening; in the
case of a glottal closing action, the target phase represents the time interval of glottal closure
and thus of phonation.

The release phase (called the offset phase in [ibid.]) represents the second main movement
phase of the action, i.e. the time interval between the release of the target and the end of the
movement action. If the next movement action within a motor plan of a speech action directly
involves that same articulator (i.e. is on that same articulatory tier; see Fig. 1), the release
phase of the preceding movement actions is assumed to overlap completely in time with the
approximation phase of the following movement action. If no further movement action direct-
ly follows on the same articulatory tier, it is assumed that the articulator moves back to a neu-
tral position during the release phase, and that the release phase ends at that point in time at
which the relevant articulator movement ends.

In earlier studies (e.g. [2]), the action concept comprises the approximation and target phase.
In this paper, an additional release phase is introduced for each movement action. This release
phase is introduced in order to account for the overlapping of movement actions seen in
speech production. For example, in the case of consonantal movement actions, the release
from consonantal constriction or closure need no longer be described as being controlled
exclusively by the following (vocalic) movement action; another example would be the case
of vocalic movement actions which influence the following (vocalic and/or consonantal)
movement actions (carry-over or left-to-right coarticulation, e.g. [34]). In the same way, the
approximation phase of a movement action can be interpreted as the time interval for allowing
anticipatory or right-to-left coarticulation, e.g. [35]. It should be noted that in our action-
based approach, both carry-over and anticipatory coarticulation result directly from movement
action sequencing (cf. [36]) as well as from the temporal overlap of movement actions (cf.
[37D).

Within the neural representation of the motor plan of an entire speech action ([4] and [31]),
the neural activation occurring at each point in time during the execution of a movement
action represents the instantaneous degree of target approximation realized by the movement
action. Thus, neural activation increases during the approximation phase, reaches a peak
during the target phase, and decreases during the release phase (see Fig. 1). Also, the neural
representation should reflect the cortical premotor and primary motor activation which occurs
during the preparation and the execution of a movement action. Thus, in addition to the
information about target approximation, the temporal location of the preparation phase
should also appear within the neural representation of the motor plan of an entire speech
action. It can be seen in Fig. 1 that the duration of the preparation phase of a movement action
depends on two factors: (i) the rapidity of the movement action (i.e. on the duration of the
approximation phase) and (ii) the complexity of a movement action (e.g. a vocalic movement
action requires more than one articulator, while a glottal movement action does not).

Furthermore, the inclusion of the preparation phase (as it is quantitatively described in the
three-parameter model [18]) allows for more precise descriptions of the on-line timing of
movement actions. For example, onset of labial closing action and the velopharyngeal opening
action for the production of the nasal consonant in /kam/ nearly coincide in time (see Fig. 1).
Also, the vocalic action for the short /a/ is already prepared during the target approximation
phase of the dorsal closing action for /k/ in such a way that the vocalic movement action is
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able to start at that point in time in which the consonantal closure is reached (Fig. 1). Thus,
the break-down of each speech movement action into a preparation, approximation, target,
and release phase (see Fig. 1) seems to be a feasible basis for coding the timing details of the
whole ensemble of movement actions comprising a speech action.

In addition to this temporal information, other information is stored within the neural repre-
sentation of each movement action: A motor plan describing an entire speech action repre-
sents all movement action parameters occurring in the quantitative three-parameter model
[18]. This additional information concerns (i) the spatial target of the movement action,
(ii) the set of articulators involved in the execution of a movement action and (iii) the degree
to which an articulator is involved (see the dominance concept for articulatory movements as
is mentioned in [6]). This additional information is not displayed in Fig. 1.

6 Discussion

It has been argued in this paper that parameters defined in a quantitative model — which des-
cribes articulatory movement trajectories (i.e. the three-parameter model [18]) — can be taken
as a basis for generating speech motor plans. The movement action onset time quantified in
that approach can be interpreted as the beginning of the preparation phase of a movement
action. But it should be kept in mind that — in contrast to that quantitative approach [ibid.] —
the assumption that the movement trajectory during the preparation phase of a movement
action can be fully specified is not tenable. Planning or preparation as it occurs at cortical
levels ends with a “crude representation of the intended motion” rather than with a “pre-
computed command signal” leading to a precise movement trajectory which simply must be
executed [8]. Rather, control of the movement action is ongoing throughout the whole time
interval of action execution, i.e. during the approximation, target and release phases. Thus,
neural activation for a movement action holds over the whole time interval of action
execution as is exemplified in Fig. 1; i.e. the degree of target approximation during the
execution of each movement action has to be monitored. Even for well-practiced movements,
the role of on-line processes involving both afferent sensory feedback signals and efferent
signals stemming from knowledge concerning learned internal forward models must be
emphasized (see [8], p. 19).

In contrast to earlier second order dynamical models describing articulatory movement
trajectories (e.g. [17]), the assumption of an abrupt onset of a higher level command for the
preparation of a movement action is tenable in this approach. Neural signals (firing rates)
often indicate abrupt changes. The step pulse command as introduced in the three-parameter
model is accounted for by using the high order (i.e. sixth to tenth order) dynamical system for
trajectory generation. Also, this high order of the dynamical system is responsible for the long
time interval between the step pulse command and the onset of articulator movement.

Last but not least it should be kept in mind that quantitative models for describing movement
trajectories (e.g. Birkholz et al. [18]) have no intrinsic neurobiological motivation. A goal of
upcoming research projects should be to establish a neurobiologically-based quantitative
approach for describing motor plans of entire speech actions as well as for describing the
basic building blocks of speech motor plans, i.e. speech movement actions.
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