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Abstract Realization of an intelligent human-machine interface requires us to investigate human mechanisms and learn
from them. This study focuses on communication between speech production and perception within human brain and
realizing it in an artificial system. A physiological research study based on electromyographic signals (Honda, 1996) suggested
that speech communication in human brain might be based on a topological mapping between speech production and
perception, according to an analogous topology between motor and sensory representations. Following this hypothesis, this
study first investigated the topologies of the vowel system across the motor, kinematic, and acoustic spaces by means of
a model simulation, and then examined the linkage between vowel production and perception in terms of a transformed
auditory feedback (TAF) experiment. The model simulation indicated that there exists an invariant mapping from muscle
activations (motor space) to articulations (kinematic space) via a coordinate consisting of force-dependent equilibrium
positions, and the mapping from the motor space to kinematic space is unique. The motor-kinematic-acoustic deduction in
the model simulation showed that the topologies were compatible from one space to another. In the TAF experiment, vowel
production exhibited a compensatory response for a perturbation in the feedback sound. This implied that vowel production

is controlled in reference to perception monitoring.

Keywords

1 Introduction

Generating and perceiving speech sounds are ba-
sic human activities in speech communication. It is
a long-standing dream to create a human-like machine
with these functions. Speech synthesis and recognition
technologies aim to realize such human capabilities us-
ing computer systems, and a great deal of success was
achieved during the last decade. However, the achieve-
ments of both speech recognition and speech synthesis
are still far from completion when compared with the
human performance.

In terms of speech information processing, a speaker
can be considered as an encoder in a speech produc-
tion system and a listener as a decoder to accomplish
speech perception. In this analogy, speech information
is exchanged not only among people but also internally,
within human brain, because human beings play the
role of listeners when they take the part of speakers.
Especially, in acquiring a new language, one is both a
speaker and a listener. During such a learning process,
the loop in human brain between speech production and
perception must be closed, as a type of internal “speech
chain”[!l, Tt is natural to believe that excellent human
speech processing behaviors are deeply concerned with
the closed-loop speech chain in the brain.

For years, a number of experiments have been con-
ducted to investigate the relation between speech pro-
duction and perception in order to explore the nature of

speech communication, human mechanism, speech production, speech perception

the speech chain. In one of the earliest of these, Lom-
bard (1911) clarified that speech sounds have a higher
intensity and fundamental frequency (F0) in a noisy en-
vironment than under normal conditions!?!. This phe-
nomenon is known as the Lombard effect. Lee (1950)
investigated the effects of auditory feedback on speech
production using delayed auditory feedback (DAF)?].
He found that as the delay time increases up to 200ms,
the DAF seriously disturbs the normal speech function
of the subjects. Kawahara (1994) clarified the influ-
ence of deviations in auditory feedback on the ongoing
phonation of subjects using transformed auditory feed-
back (TAF)[, The TAF experiments showed that sub-
jects compensate for perturbations in the transmission
pathway from their mouth to ears.

On the other hand, several models and theories have
been proposed regarding the relation between speech
production and perception. One of the most well-known
theories is the motor theory of speech perception!®®!.
The essential point of this theory is that speech sounds
are perceived in terms of articulatory gestures that hu-
man beings are innately able to produce. This prop-
erty endows people with a robust capability for perceiv-
ing speech sounds. A number of experiments concerned
with this issue were conducted, but as yet no common
understanding has been achieved. Savariaux et al. sug-
gested that speech is controlled partly by some sort of
internal representation of the sound and partly, partic-
ularly under perturbed conditions, by monitoring
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the acoustic signall”l. Honda et al. investigated the
compensatory responses of articulators to unexpected
perturbation on the shape of the hard palate and found
that the auditory feedback accelerated the adaptation
of articulators to the unexpected changes and adjusted
the fine control of the articulators for generating speech
sounds!®!. Their results showed that auditory feedback
contributes to control of the articulators in speech pro-
duction. However, the details of how the auditory trans-
formation affects speech articulation need to be eluci-
dated.

Speech production can be considered as a forward
process in the speech chain while speech perception
is an inverse process. In these two processes, speech
production and perception are interlinked with each
other at both the motor planning and acoustic trans-
mission levels. A number of new technologies such as
functional Magnetic Resonance Imaging (fMRI), Mag-
netoencephalography (MEG), and Positron Emission
Tomography (PET) were developed in the last two
decades, and many investigations using those technolo-
gies have been carried out to discover the brain functions
in speech production and perception!® 1%, Besides brain
imaging approaches, electromyography (EMG) is one of
the means to reach the function of speech production at
a higher level. Honda (1996) used EMG signals of the
tongue muscles to investigate the interdependency be-
tween speech production and perception mechanisms!*1!.
He found a common topological mapping between artic-
ulatory and auditory patterns, and further suggested
that vowel patterns were compatible in both motor and
sensory spaces.

In the following sections, this study first investigates
the topologies of the vowel description between motor
and sensory spaces via a forward process of speech pro-
duction, using the physiological articulatory modell'?l.
The interaction between speech production and percep-
tion is then investigated using a TAF experiment by
applying a perturbation to a speaker in the transmis-
sion pathway. A possible communication approach in
the brain is discussed in the final part.

2 Hypothesis of Articulatory-Auditory Linkage

This section briefly reviews the hypothesis of
articulatory-auditory linkage proposed by Honda based
on EMG measurements!'’!. The EMG data were ob-
tained for six tongue muscles during the utterance of
nonsense phoneme sequences of /opVp/, and V denotes
English vowels!*3!. The basic idea of his work was that
the position of the tongue body can be represented by
the equilibrium of effective muscle forces, which results
in a trajectory in the muscle force space. Since mus-
cle force patterns can be inferred from an integrated
EMG waveform, the equilibrium can be estimated via
an EMG-based muscle force space. According to this
consideration, the trajectory of the equilibrium can be
constructed based on the EMG data. Such a trajectory
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is referred to as a motor trajectory hereafter.

Fig.1(a) shows the motor trajectory derived from
the EMG-based equilibrium position. The coordinate
with about 45 degrees rotation was consistent with the
main directions of the first and second components of
the tongue movements!'¥l. The trajectories for these
vowels seem to disperse toward the extreme positions
in the muscle force space. As the equilibrium of the
muscle forces shifts, the tongue body achieves its equi-
librium in the articulatory (geometrical) space. These
extreme points can be considered as “virtual” motor tar-
gets for the vowels, since the targets are not necessarily
attained when the motion is very fast or the tongue body
is bounded by the wall of the vocal tract. In Fig.1, the
motor targets of the four vowels occupy each of the four
quadrants of the muscle force space. Consequently, two
front vowels /i, &/ have relatively straight trajectory
towards their targets, and two back vowels /a, u/ show
quite looped trajectories.
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Fig.1. Motor trajectory of the equilibrium position of the tongue
in the motor space with reference to the formant patterns. (a)
Motor trajectory for the four corner vowels. (b) Distribution of

vowel formants in the acoustic space (Modified from [11]).

Fig.1(b) shows F1-F2 patterns for the four vowels
measured from the same data using a pitch-synchronous
method. The frequency axes are reversed to describe the
vowels in the traditional vowel triangle with the high
front vowel /i/ in the upper front corner of the plot,
and the low back vowel /a/ in the lower back corner of
the plot. The interesting finding of this study is that
the distribution of the motor targets for the four vowels
(Fig.1(a)) roughly coincides with that of vowels in the
acoustic space defined by the first and second formant
frequencies (Fig.1(b)). This fact is also relevant to the
traditional phonetic evidence that the location of the
highest point of the tongue dorsum corresponds to the
vowel’s F1-F2 pattern.

According to the topological consistency in the mo-
tor and the acoustic spaces, Honda speculated that the
motor-to-acoustic compatibility is not a mere coinci-
dence, but results from the spatial orthogonality ob-
served in both the kinematic and acoustic domains®!,
Adopting this consideration, the curious resemblance of

motor and acoustic patterns of the vowels not only pro-
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vides physiological evidence that the motor pattern of
vowel articulation is compatible with the acoustic pat-
tern, but also suggests an aspect of high-level speech
organization in the brain: vowel representations in the
motor and auditory spaces are also compatible.

As a general assumption, the high-level motor orga-
nization utilizes sensory information as a guide to motor
controll®!, This sort of sensorimotor integration typi-
cally accounts for visually-aided hand movements, where
the object’s coordinates in the visual space are mapped
into kinematic parameters in the motor space. Although
speech articulation does not always undergo the same
scheme, there may be a case for the claim that articula-
tory control is guided with reference to auditory input.
The assumption of motor-to-auditory compatibility may
not be unreasonable in such a situation. Therefore, at
least as far as vowels are concerned, the compatibility of
the sensorimotor patterns can be considered as a unique
underlying characteristic of speech processes.

Motor space Sensory guide

Sensory space

1 m—

Efferent copy

Auditory
input

J

Fig.2. Hypothesis of modular organization of vowels in the brain.
Auditory and articulatory representations of vowels show a com-
patible distribution in both the spaces. (Modified from [16]).

Based on the above analysis, the vowel representa-
tions in the motor and auditory spaces arrived at the im-
age shown in Fig.2. The auditory-motor linkage shown
by the arrows closes the internal loop of the speech
chain, which permits a direct mapping between intended
articulatory and auditory patterns. Vowels have analo-
gous motor and sensory representations in the anterior
and posterior cortical areas, which connect to each other
via a sensorimotor linkage. The backward arrow from
the articulatory to auditory spaces is equivalent to the
efferent copy from motor to sensory areas. In the case
of the speech process, the efferent copy is thought to
generate articulatorily-induced auditory images, which
are evaluated in comparison with somatosensory infor-
mation as well as with perceived speech sounds. The
forward arrow represents the general idea of sensory-
guided motor execution, which may be applicable to a
situation of auditorily-guided speech production. The
looped flow of information between compatible sensory
and motor representations further suggests that the two
cortical areas for production and perception may work
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in unison to share the same information. This is what
has been argued, in part, by the motor theory of speech
perception!6].

3 Simulation of Muscle Activation and
Equilibrium Position

The preceding section described the motor-sensory
linkage hypothesis on the relation between speech pro-
duction and perception based on EMG data. EMG mea-
surement succeeds in large articulatory muscles such as
the extrinsic tongue muscles, but fails in examining the
intrinsic muscles because these muscles are intermingled
with the others. Tagged MRI is often used to speculate
about the function of the extrinsic and intrinsic muscles
of the tonguel'™18] but it is limited because a number
of muscles are co-activated, even in executing a simple
movement. In contrast, a physiological model of the hu-
man speech organs can provide an alternative means to
investigate the characteristics of the speech production
system. In this section, the relation between the equi-
librium position and muscle forces is explored using our
physiological articulatory modell!2!,

3.1 Configuration and Muscular Structure

of the Model

A partial 3D physiological articulatory model has
been constructed based on volumetric MRI data ob-
tained from a male Japanese speaker. Fig.3 shows the
model configuration consisting of the tongue, jaw, hy-
oid bone, and vocal tract wall. The articulatory model,
derived from a previous version'?, achieved a semi-
continuum description for the tongue tissue by employ-
ing a truss structure of viscoelastic cylinders. The out-
lines of the tongue body were extracted from the sagittal
slices with a 1.0cm interval. Mesh segmentation of the
tongue tissue roughly replicates the fiber orientation of
the genioglossus muscle. The outline of the tongue body
in each plane was divided into ten radial sections that
fan out from the genioglossus’ attachment on the jaw to
the tongue surface. In the perpendicular direction, the
tongue tissue was divided into six concentric sections.
A 3D mesh model was constructed by connecting the
mesh nodes in the midsagittal plane to the correspond-
ing nodes in the left and right planes. Thus, the model
represents the principal region of the tongue by a 2cm-
thick layer bounded with three sagittal planes. Based
on the same MRI data set, the vocal tract wall and the
jaw were constructed in 3D with a width of 2.8cm in the
left-right dimension.

Fig.4 shows the muscular structure of the model (see
[19, 20] for the details). Fig.4(a) shows the genioglossus
(GG), which runs midsagittally in the central part of the
tongue. Since the GG is a triangular muscle, and differ-
ent parts of the muscle exert different effects on tongue
deformation, it can be functionally separated into three
segments: the anterior portion (GGa) indicated by the
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dashed lines, the middle portion (GGm) shown by the
gray lines, and the posterior portion (GGp) denoted by
the dark lines. Figs.4(b) and 4(c) show the arrange-
ment of the hyoglossus (HG) and styloglossus (SG) in
the parasagittal plane, where the thickest line represents
the hyoid bone.
cles, the geniohyoid and mylohyoid, are also shown in
the parasagittal planes. The top points of the mylo-
hyoid bundles are attached to the medial surface of the
mandibular body. All the muscles are designed symmet-
rically on the left and right sides. Fig.4(d) shows three
intrinsic muscles of the superior longitudinalis (SL), in-

In addition, two tongue-floor mus-

ferior longitudinalis (IL) and transversus. The transver-
sus runs in the left-right direction, and its distribution
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Fig.4. Muscular structure of the model. (a)—(e): Tongue muscles
in the midsagittal and parasagittal planes (in cm). (f) Complex
of the mandible and hyoid bone.
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is plotted in asterisks. Fig.4(e) shows the structure
of the verticalis muscle in a cross-sectional view sliced
at the 5th section from the tongue floor, denoted in
Fig.4(d).

Fig.4(f) shows the model of the jaw-hyoid bone com-
plex. The jaw model consists of four nodes on each side,
which are connected by five rigid beams (thick lines) to
form two triangles with a shearing-beam. The tongue is
attached to the jaw at the mandibular symphysis. The
model of the hyoid bone has three segments correspond-
ing to the body and bilateral greater horns. The small
circles indicate the fixed attachment points of the mus-
cles. For control purpose, these muscles are separated
into two groups: the jaw closer group and the opener

group.

3.2 Muscle Forces and Equilibrium Positions

In general, the property of vowels mainly depends
on the position of the tongue dorsum, while most of the
consonants are shaped by the tongue tip. Accordingly,
the tongue tip and tongue dorsum are used to repre-
sent equilibrium positions of the tongue. The previous
study!'? shows that the equilibrium position (EP) for
each muscle shifts monotonically as the activation force
increases, where the equilibrium generally achieves in
about 300ms after a force is applied. The monotoni-
cally shifting EP shapes a trajectory for each muscle.

Fig.5 shows the EP trajectory of the tongue mus-
cles for the tongue tip and tongue dorsum, when each
muscle is activated individually by a variable force from
zero to six Newtons (N) with eight levels. The HG
moves the tongue tip backward and slightly upward
as the activation level increases. The SG drives the
tongue tip backward horizontally while the GGa draws
the tongue tip downward. The tongue tip is driven
forward-upward by the GGp and forward-downward
by the GGm. The intrinsic muscles SL and IL move
the tongue tip largely upward-backward and downward-
backward, respectively. These muscle effects indicate
that the EP depends on both the muscle and its activa-
tion level, but is independent of the previous situation of
the tongue. The trajectory built on the EPs can be con-
sidered as a “vector” that spreads out from the initial
position as the activation level increases. The EP vec-
tors form a stationary coordinate that bridges the motor
space and articulatory space. Thus, the EP-based coor-
dinate provides an invariant mapping function between
the motor space and articulatory space. The mapping is
unique from the motor space to articulatory space, but
inverse mapping faces the one-to-many problem.

The right panel shows a number of larger EP vectors
for the dorsum. Differing from the tongue tip, the ex-
trinsic muscles (except the GGa) have definitely larger
EP vectors than the others. The EP vectors of the GGp
and HG show completely opposite directions. This in-
dicates that the GGp and HG work antagonistically in
governing the tongue dorsum. Similarly, the GGm and
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SG are another antagonistic muscle pair. Therefore,
there are two major antagonistic muscle pairs for con-
trolling the dorsum. This simulation supports that basic
consideration of tongue muscle function!" in which the
four extrinsic muscles share four quadrants in the rect-
angular coordinate. The approximate orthogonal rela-
tion of the tongue muscles provides another inference
of a straightforward mapping from muscle activation to
articulation. Since the GGm has the same function as
the GGa but is stronger than the GGa for controlling
the dorsum, the muscle GGm is used in the latter model
simulation instead of the GGa.
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Fig.5. Trajectory of the equilibrium position for each muscle,

where the activation force varying from zero to six N. (a) Tongue
tip. (b) Tongue dorsum. (The network shown in the right panel

consists of the contour lines corresponding to the force levels.)

According to the contribution of the muscles to ar-
ticulatory movements and to control freedom, five major
muscles are taken into account in controlling the tongue
dorsum, and nine muscles and one muscle group are used
for the tongue tip. A mapping between the motor space
and articulatory space is obtained based on the selected
EP vectors. Fig.5 shows an example of the map con-
sisting of the EPs of SG and HG in the right panel,
where the contour lines of the meshwork correspond to
the eight force levels. This map is named the equilib-
rium position map (EP-map). With this EP-map, any
arbitrary position inside the region of the map can be
reached using the forces interpolated from the contour
lines.

3.3 Equilibrium Positions of Co-Contraction

The simplest way to form a tongue shape is to ac-
tivate two agonist muscles simultaneously, such as use
of the EP-map shown in Fig.5. During speech arti-
culation, however, the situation is much more complex
because more than two agonist muscles possibly work
together to reach a target and/or an agonist-antagonist
co-contraction possibly takes place. To clarify the re-
lation between the planning level and the articulatory
level, it is necessary to investigate the mechanism of co-
contraction. For this purpose, we designed eight three-
muscle groups, consisting of one master muscle and a
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subordinate muscle pair, to generate various possible
co-contractions during speech articulation!'?,

Fig.6 shows an example of the co-contractions of the
muscle groups. The thick dark lines show a part of the
EP vectors in the coordinates. The thin dark lines and
pale lines illustrate the equilibrium trajectories of the
two subordinate muscles in the group. The attachment
of the thin lines corresponds to activation levels of the
master muscle in the same muscle group. The combi-
nation of the SG and the muscle pair of the GGp and
SL can move the tongue tip to an apical target by the
muscle pair and control the dorsal target by the SG.
It is interesting to find that the muscle pair works as
a synergistic pair for the tongue tip but as an antago-
nist pair for the tongue dorsum. If a proper force ratio
is kept for the GGp and SL, the tongue tip position
can be manipulated while the tongue dorsum remains
unchanged. With the mechanism, the dorsum position
depends on the activation level of the master muscle
and the force ratio of the two subordinate muscles, no
matter how strong the force of the subordinate muscles
is. This mechanism is capable of realizing a compatible
target set for both the tongue tip and dorsum, and of
maintaining the stability of a kinematic system.

D

Tongue tip Tongue dorsum

~Hard palate

3 2 -1 0 1 2 3
Anterior-posterior (cm) Anterior-posterior (cm)

Fig.6. Co-contractions within a muscle group: a master muscle
(SG) and a subordinate muscle pair (GGp and SL).

Co-contraction of the agonist and antagonist mus-
cles is the basic muscle activation in speech articula-
tion. The above results show that the co-contraction
within such muscle groups enlarges the control flexibility
and the degree of freedom of the model while increasing
model stability. This suggests that such muscle groups
are the basic control unit for the motor commands dur-
ing speech.

4 Comparisons Among the Motor,
Articulatory, and Acoustic Spaces

In reference to the relation between muscle activation
and equilibrium position of the articulators discovered
above, this section examines the relationship among mo-
tor commands, kinematic movements, and the acoustic
properties of vowels.
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4.1 From Articulatory Target to Motor
Command

It is necessary to estimate motor commands from a
sequence of articulatory targets in order to realize speech
production with the articulatory model. However, such
estimation faces the one-to-many problem from articu-
latory targets to muscle contraction patterns. To solve
the problem, we adopt the minimal energy and optima-
lity principle in estimation of motor commands from ar-
ticulatory targets based on the proposed co-contraction
mechanism.

Fig.7 shows an example of estimating motor com-
mands from a given articulatory target using the co-
contraction mechanism. The target in this example is
the consonantal target /t/ in /ta/, which consists of two
features. One feature is crucial for determining the tar-
get configuration of the consonant /t/, shown by the
filled circle on the tongue tip. The other feature is on
the dorsum, shown by the open circle on the right panel,
which reflects the coarticulation required by the follow-
ing vowel /a/, but is not decisive for the consonant. In
Fig.7, one can see that the HG is the master muscle
that drives the tongue dorsum toward the dorsal target,
while the subordinate muscle pair of GGp and SL real-
izes the apical target. There are three combinations—
ggp1-sli, ggpa-sla, and ggps-sls—which are capable of
moving the tongue tip to reach the apical target. The
difference among these combinations is that they have
different co-contraction levels with the HG, where the
activation force of HG is 0.0, 0.1, and 0.2N, respectively.
Since all three combinations can guarantee the crucial
feature, the decision finally depends on the behavior of
the combinations in realizing the indecisive feature of
the dorsum. The circled numbers in the dorsal coor-
dinate are the predicted locations for these three com-
binations. The location of circled 3 is the best of the
three expected positions since it is closest to the given
dorsal target, shown by the open circle. Therefore, the
combination of ggps-sls and HG with 0.2N is optimal
for the given target, and thus the motor command is
determined.
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Fig.7. Example to generate motor commands based on muscle

co-contraction.

The above process describes how to estimate motor
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commands for one muscle group. To find the optimal
motor command for a given target, above estimation is
carried out for all muscle groups in the EP maps, and the
square summation of the muscle forces is calculated for
each group. According to the minimal energy principle,
the muscle group with the smallest force summation is
judged as the optimal one for the given target. Note that
although this process of estimating motor commands is
feasible, the computational cost seems too high for a hu-
man to realize it in real time. For this reason, it is likely
that human beings may use a more efficient strategy
to determine motor commands for a given target based
on a “knowledge database” which has been filled with
trained motor commands. However, the above approach
may be adopted in building the knowledge database for
acquiring a new language.

4.2 Motor Command Estimation for Dynamic
Components

The motor command estimated by the above ap-
proach is dependent only on the given target, but in-
dependent of either the current positions or the past
trajectory. Since the command does not vary until the
articulation is completed, such a command-dependent
force is referred to as a static force. In a dynamic sys-
tem, it is known that muscles are not always activated
according to the minimal energy principle. It is conceiv-
able that all of the muscles with positive contributions
are activated at the same time to achieve a given target
quickly. Thus, muscle activation is also concerned with
both the target and the current situation of the kine-
matic system. In addition to the static force, therefore,
a dynamic force must be taken into account of model
control. For this purpose, we have proposed a so-called
muscle workspace, and reduce the distance from an ar-
bitrary position to its target stepwise via the muscle
workspacel19],

Fig.8 shows a simplified muscle workspace of the
dorsal control point. This muscle workspace consists
of muscle vectors of the four extrinsic tongue muscles,
shown by the thick dark arrows, where the muscle vec-
tors correspond to the displacement which resulted from
exciting each muscle individually using a unit activation
with a fixed duration. Since the muscle workspace is
compatible with the geometrical space, the mapping be-
tween the geometrical space and the muscle workspace
is straightforward. If a control point moves in an arbi-
trary direction, its displacement can be decomposed into
several components parallel to the muscle force vectors.
The amplitude of the components reflects how much the
contraction of the muscle contributes to the displace-
ment of the control point. Thus, an articulatory move-
ment is related to a set of muscle contraction forces.
Therefore, muscle activation signals (motor commands)
can be obtained for any arbitrary movement using this
approach.

In Fig.8, Pc denotes the current position of the con-
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trol point and Ty is the target position. The dashed line
from Pc to Tg forms a vector, referred to as an articu-
latory vector. When the articulatory vector is mapped
onto the muscle workspace, a set of projections is ob-
tained for the muscle vectors. Based on the penalty
function, the result arrives at that only the positive pro-
jections should be taken into account in the force gener-
ation, while the negative ones are to be ignored. From
a physiological point of view, this result implies that a
muscle will be activated only when the muscle contrac-
tion contributes positively to the movement towards the
target (see [19] for details).
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Fig.8. Dynamic activation pattern generation based on the muscle

workspace.

4.3 Comparisons Between Motor, Articulatory,
and Acoustic Spaces

This section investigates the linkages among the mo-
tor, articulatory, and acoustic spaces via the forward
process of speech production from an articulatory target
to acoustic output using the physiological articulatory
model. Vowel sequences of /aui/ and /aiu/ are used in
this simulation.

According to the given target of the vowel sequences,
static forces are estimated based on the EP-map, and
dynamic ones are obtained via the muscle workspace.
Fig.9 shows the muscle force trajectory for utterances
/aui/ and /aiu/, where the muscle forces were normal-
ized individually. As mentioned in the previous section,
we use the muscle GGm instead of GGa, because GGm
is more powerful than GGa in governing the tongue dor-
sum. Although the EP vectors of GGp-HG pair and
GGm-SG pair were not exactly orthogonal, for simplifi-
cation these four muscle vectors were plotted as an or-
thogonal coordinate. In the simulation, the trajectory
for /u/ shows a more complicated shape than that of the
others. This tendency is the same as that seen in the
EMG data shown in Fig.1(a). Fig.10 shows articulatory
trajectories that were generated using the forces shown
in Fig.9. In the case of /aui/, a quite looped motor tra-
jectory is seen in simulation and in the EMG data, but
is not seen in the articulatory trajectory.

To produce synthetic sounds, cross-sectional area
functions of the vocal tract were derived from the ar-
ticulatory movement and implemented in a transmis-

sion line model

[19]
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. Formants of the synthetic sounds of

/aui/ and /aiu/ were calculated for each 10ms. Fig.11
shows the acoustic patterns consisting of F1 and F2 for
vowels /a/, /i/ and /u/ out of the utterances /aui/ and
/aiu/. Some differences in the formants are seen in the
transition between the vowels.
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Fig.9. Motor trajectories for utterances /aui/ and /aiu/, where

the forces were normalized individually.
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Fig.11. Acoustic patterns of the first formant (F1) and second

formant (F2) for utterances /aui/ and /aiu/.

By means of the three figures, we illustrate an image
of the speech production process in the motor space, ar-
ticulatory space and acoustic space. In the EMG data
and model simulation, the motor trajectory for /u/ is
quite looped. In the acoustic space shown in Fig.11,
one can see that the formant trajectory is looped for
the /aui/ sequence, while this is not seen in the articu-
latory space. Accordingly, the motor trajectory in the
motor space and the formant trajectory in the acoustic
space show a higher similarity in the topologies than the
others. This might suggest that the mapping between
the motor area and auditory area in the brain be more
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likely straightforward rather than via the articulatory
space.

5 Interaction Between Speech Production and
Perception

In the above sections, the linkages among motor and
sensory spaces were examined using a forward process
from the motor planning level to the acoustic level via
articulation level. This section verifies the linkage by a
feedback process using a transformed auditory feedback
(TAF) approach.

It is commonly understood that in acquiring a new
language, especially before an infant has any practice
producing speech sounds, the primary mode of control
should be a feedback-based strategy through a loop be-
tween speech production and perception. The motor
theory of speech perception suggests that the acoustic
signal is perceived in terms of articulatory gestureslS!,
while the other study emphasizes that the feedforward
system becomes practiced over time after the speech skill
is acquired, and that the need for feedback-based con-
trol is finally eliminated?!]. So far, a number of experi-
mental studies have been conducted to verify this issue.
However, the majority of them focus on a long-term
learning effect [cf. 20, 22]. To our knowledge, there
has been no report on the function of simultaneously
monitoring of speech perception. This experiment is an
attempt to clarify whether or not speech production is
controlled with reference to the perception monitoring.

5.1 Configuration of the TAF Experiment

To obtain concrete evidence regarding interactions
between speech production and perception, EMG sig-
nal and video media as well as acoustic recordings were
employed in the experiment to investigate different as-
pects of the interaction. Fig.12 shows the configura-
tion of the experimental setup. The purpose of using
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the EMG and video media is to discover whether or
not subjects have compensated for the TAF, but for
some reason that compensation does not appear in the
acoustic output. To clarify this situation, the Chinese
vowels /i/ and /i/ ([i] and [y] in IPA) were chosen as
the speech material, because the articulation difference
in these vowels, with or without lip protrusion, can be
easily observed. Physiologically, there are three major
muscles, the depressor labii inferioris, zygomatic major,
and buccinator, involved in such articulations. Activa-
tions of these three muscles can be observed using a
surface EMG method. To that end, the above muscles
were measured using EMG signals with five channels.

Except for the lip protrusion in producing [y], these
two vowels have about the same vocal tract shape.
Acoustically, the first formant (F1) is consistent with
these two vowels within 6%. The second formant (F2)
for [y] is about 15% lower than that for [i], while the
third formant (F3) of [y] is 25% lower than [i]. One
Chinese subject participated in this experiment, who
was born in eastern China and has no history of any
speech or auditory disease. In this experiment, the sub-
ject was asked to maintain a stable pronunciation of the
vowel [i] for 5s. In 70% of the trials, the feedback sound
was randomly transformed from [i] to [y] at the time of
2.2s from the beginning of the trials.

5.2 Experimental Results

Fig.13 shows examples of EMG measurements with
and without TAF in the right and left panels, respec-
tively. The upper panels show the EMG signals and
the lower panels are their envelopes. The EMG signals
were obtained from the depressor labii inferioris, which
shows strong activity in producing Chinese [i]. In the
case without TAF, the EMG signals show large ampli-
tude at the beginning and then gradually decrease. In
the other words, the depressor labii inferioris is activated
to form the lip shape for /i/, and then the activation is
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Fig.12. Configuration of the transformed auditory feedback experiment system.
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Fig.13. Measurements of the EMG signals without TAF (left) and
with TAF (right).

reduced gradually for maintaining the configuration
alone. In the case with TAF, the perturbation was ap-
plied at 2.2s from the beginning of the trial. The activa-
tion of the muscle is strong at the beginning, gradually
weakens, and then gets stronger again after the TAF is
applied. It seems that when the feedback sound deviates
from [i] due to the TAF, the subject attempted to main-
tain an [i]-like configuration by increasing the activation
of the muscle to compensate for the perturbation. This
suggests that speech production be controlled with ref-
erence to perception monitoring. This interaction was
seen in 71% of the trials with the transformed auditory
feedback.

Acoustical analysis was also carried out in this exper-
iment. The formant difference between the trials with
and without TAF was calculated for the first three for-
mants and is shown in Fig.14. As seen in this figure,
there is a large difference in the second formant. In the
transformation process from [i] to [y], the frequency is
reduced by 220Hz for F2 and 750Hz for F3. When the
transformed sound is fed back to the speaker, F2 in-
creased by about 70Hz in his speech sound. This incre-
ment clearly shows that the speaker endeavored to main-
tain the “monitored” sound correctly by compensating
for the formant reduction. However, F3 does not show
any significant compensation for [y] concerned with the
transformation.

-
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Fig.14. Formant difference caused by the TAF. Py is the time
applying the TAF. P; and P3 are the start and end points of the

compensation. Ps is the point of the maximal compensation.

In Fig.14, P, indicates the timing, 2.20s, at which
the TAF was applied. Focusing on the changes in F2,
Py at 2.35s seems to be the start point of the compensa-
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tion for the TAF. It took about 150ms from application
of the TAF to observing an obvious change in F2. This
reaction time is reasonable considering the auditory pro-
cessing time. The maximal compensation of F2 occurred
at about 2.74s. It was about 290ms from the start to
the maximum compensation. This time is about the
same as the latent time for speech articulation, which is
about 300ms [cf. 23]. When the TAF was terminated at
4.4s shown by Ps, the formant was restored monotoni-
cally. This implies that speech production is controlled
ordinarily by monitoring the acoustic signal.

6 Discussion and Summary

In this paper, we start from an EMG-based hypoth-
esis in which speech communication in human brain is
carried out efficiently via a topological mapping between
the motor and sensory spaces!!!l. Descriptions of speech
production were demonstrated in the motor and acous-
tic levels using a model-based forward process. Audi-
tory monitoring of speech production was examined by
a transformed auditory feedback experiment. The com-
munication between speech production and perception
within the brain is discussed based on that investigation.

6.1 Summary of the Model Simulation

The physiological articulatory model used in this sim-
ulation is constructed based on volumetric MRI data
and anatomic data, which can realize the speech pro-
duction process from articulatory target to acoustic
output!*?!, The simulation demonstrates that each mus-
cle drives the articulators (the tongue and jaw) toward
an equilibrium position (EP) corresponding to the mag-
nitude of muscle activation, and the EP monotonically
shifts as muscle activation increases under the condition
that the other muscles’ activation is unchanged. The
EP depends only on the level of muscle activation but
is independent of past articulatory movements and de-
formations. This suggests that there exist an invariant
map between the motor space and articulatory space.
It can be reasonably considered that the invariant map
of motor space to articulation is the basis for the com-
munication between speech production and perception
inside the brain.

To realize the above mapping in a realistic articula-
tion task, co-contraction of the agonist and antagonist
muscles must be considered in speech production. So
far, it is not clear how human beings control a com-
plicated co-contraction in a muscle-woven mass such
as the tongue body. This study demonstrates an effi-
cient way to realize the muscle co-contraction, and also
demonstrates plausible articulatory activities when im-
plementing the co-contraction in the model. Using the
proposed co-contraction mechanism, the tongue tip and
tongue dorsum can be controlled independently to some
extent, and the flexibility of the model and the degree
of freedom for model control are enlarged. Accordingly,
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it might be reasonable to speculate that human beings
adopt such an efficient approach in speech articulation.

To estimate motor commands for articulatory tar-
gets, all possible combinations of muscle activations are
investigated in the EP maps according to the given ar-
ticulatory target, and the optimal one is identified based
on the minimal energy principle. This process for esti-
mating motor commands is feasible but the computation
may be too heavy for human beings to accomplish in real
time. It is likely that for a given target human beings
may use a more efficient strategy to determine a motor
command based on their “knowledge database”, while
the proposed approach is possibly adopted in building
the knowledge database for acquiring a new language.

This simulation demonstrates a speech production
process from the given articulatory target through the
motor space, kinematic space, to the acoustic space. It
is verified that the three spaces have compatible topolo-
gies in describing speech sounds, at least for vowels.
Among the three topologies, the motor space and acous-
tic space show higher similarity. This might suggest
that the mapping between the motor area and audi-
tory area in the brain be most likely straightforward
but not always via the articulatory space. This result
basically supports the hypothesis that speech commu-
nication in human brain is carried out in an efficient
way via a topological mapping between the motor and
sensory areas!!!,

6.2 Summary of the TAF Experiment

In the TAF experiment, we employed electromyo-
graphic (EMG) signals, image information, and acous-
tic analysis to acquire more evidence for an instanta-
neous linkage between speech production and percep-
tion. Chinese vowels [i] and [y] were chosen as the
speech materials since their articulatory differences can
be observed from outside. The surface EMG was used
to capture muscle activations in forming the major ar-
ticulatory difference in the lip gesture. The speaker was
asked to maintain vowel [i] for 5s, while feedback sound
was randomly transformed from [i] to [y]. The EMG
signals showed that the speaker attempted to empha-
size [i] when the feedback sound was transformed. This
emphatic effort was seen in 71% of the trials with the
auditory perturbation.

Acoustic analysis also shows the compensation of
the speech production side for the auditory perturba-
tion. In the transformation from [i] to [y], the frequency
was reduced by 220Hz for F2 and 750Hz for F3. When
this TAF was applied in the transmission pathway, F2
of [i] increased by about 70Hz in the acoustic output.
This increment clearly shows that the speaker maintains
the vowel property when the F2 of perceived sound is
lower than that of the expected one. In other words,
the speaker attempts to compensate for the “error” in
speech production immediately with reference to the au-
ditory monitor. It implies that auditory monitoring nor-
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mally takes place during speech production.

As shown in the TAF experiment, speech produc-
tion is controlled with perception monitoring. This im-
plies that human speech processing is a closed-loop con-
trol in which articulatorily-induced auditory images and
sensory-guided motor execution communicates in the
brain during speech. In contrast, the processing in both
speech synthesis and recognition systems is an open-
loop control, the disadvantage of which is a lack of sen-
sitivity to the dynamics of the system. With reference
to the human mechanism, it is essential to construct
a speech processing system with a closed-loop control.
To achieve this goal, it is necessary to develop efficient
descriptions of speech features and a powerful match-
ing method, similar to that proposed in this study, so
that both speech synthesis and recognition systems can
be formed by the same processing mechanism. In this
study, however, we could not devise a concrete image
for an efficient communication approach. Discovering
and implementing the communication approach between
speech production and perception in human brain is still
a challenging topic remaining for future studies.
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