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A new model for describing articulatory organization is proposed, demonstrating the
possibility to basically deviate from the traditional segment-concatenation coarticula-
tion theory. This Converter/Distributor (C/D) Model is based on syllables as the
concatenative units, and combines feature-based specifications of demisyllables with
a novel concept of syllable and boundary strength and timing represented by abstract
impulses. Consonantal gestures, superimposed upon a vocalic base function, are im-
plemented as a combination of stored impulse response functions for individual ele-
mental gestures, in respective articulatory dimensions associating actions with articula-
tors. The C/D model is intended for description and explanation of natural speech,
and emphasis is placed on its ability to handle articulatory variability due to a wide

variety of extraphonological as well as prosodic effects according to simple principles.
Keywords: C/D model, Demisyllable, Nonlinear phonology, Phonetic implementation
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“prosodic organization” of segments.* In such

1. INTRODUCTION

Recent developments in liguistic theory, in par-
ticular nonlinear phonology,! advocate an inherehtly
multidimensional organization of speech materials,
often referring to more or less independent controls
of the articulatory organs such as the tongue body,
tongue tip, the lips, the velum and the larynx, over a
relatively large organizational domain consisting of
many phonemic segments (see, e.g. McCarthy
(1988)). Each dimension (in the original autoseg-
mental theory a segmental plane as opposed to a
tonal plane, considered “melodies’”) has its autono-
my,? but features that serve as elemental units to
form melodies are interdependent. This interde-
pendence is mediated by the organizational structure
called ““skeleton,” which uses a phonemic segmental
node (root) for representing functional relations
among features in the form of ‘“feature geometry.””?
Syllables are often crucial units in phonological
descriptions, but most thoretical treatments intro-
duce syllabic units in the derivational process of

theories, in contrast to the traditional (linear) pho-
nology® based on the classical theory of distinctive
features (Jakobson, Fant and Halle (1963)), the
binary values of phonological features for each
(phonemic) segment are not fully specified. There-
fore, the identity of each phonemic segment is not
established as its inherent value underlying the pho-
netically realized physical event; rather, the phonetic
realizations of individual consonantal and vocalic
events must depend on the context. The contextual
effects are much more complex and significant than
in the classical view of segment concatenation and
coarticulation (see Lindblom (1968, 1990)).
Nevertheless, the coarticulation theory based on
what might be identified as segmentalism, has pro-
vided the theoretical basis for virtually all discussions
of speech organization in phonetics. Notably, the
speech synthesis by rule using a text input, as ex-
emplified by Klatt (1987), has demonstrated, with
explicit formulation, both the adequacy and the
remaining inadequacy of the segmental model.
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In the current phonological literature, on the
other hand, phonetic phenomena that can not be
accounted for by the concatenation-coarticulation
model tend to be treated by phonological rewrite
rules called allophonic rules. For example, Halle
and Mohanan [1985] proposed a rule for changing
the “light” /1/ to ““dark”™ /l/ in English under certain
syntagmatic conditions. Sproat and Fujimura (1989,
forthcoming) criticize this move, based on articula-
tory movement and electromyographic data under
a variety of boundary conditions, and propose that
such allophonic variation should be accounted for
by numerical phonetic implementation rather than
symbolic rewrite rules. In this connection, they indi-
cate a need for a new theory which deviates basically
from the segmental theory. Observed phonetic (par-
ticularly articulatory) facts deviating from the pre-
diction of the segmental concatenation-coarticula-
tion theory are found abundantly in the research
literature (Keating (1988), Browman and Goldstein
(1985, 1986, 1988, 1989), Fujimura and Lovins
(1978), Krakow (1989), also see Kohler (1990)).
Browman and Goldstein have proposed that a ges-
tural score, a sparsely specified abstract representa-
tion, is implemented by virtue of the biological
system of speech motor control as a temporally
organized multidimensional pattern of events.

In short, there is no comprehensive phonetic
theory that responds to this need.® The present
article outlines an emerging theory of phonetic im-
plementation that attempts to replace the segmental
accounts.” Instead of phonemes, or the simultaneous
bundles of distinctive features forming columns of
feature matrices in phonological representations, in
both lexical and postlexical descriptions, the new
theory suggests a different way of representing syl-
lables with minimal specifications of feature values,
leaving many aspects of physical characteristics in
speech production undetermined, until articulatory
gestures are physically implemented in a specific ut-
terance situation. Consonantal gestures are treated
separately from vocalic gestures that form syllable
nuclei. The flow of vowel to vowel movement forms
a base function, somewhat akin to ‘“‘prosodic” as-
pects of speech, onto which consonantal gestures are
superimposed as ‘‘perturbations,” as proposed ear-
lier by Sven Ohman (1967).

The theoretical framework assumes the form of
generative description, taking as its input abstract
phonological and other specifications pertaining to
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an utterance of the linguistic material in a given
situation, and deriving articulatory (and acoustic)
signals as the output. A realistic 3-dimensional dy-
namic model of the tongue and other articulatory
organs is a critical ingredient of this theory. It is
assumed that the apparent violations of the super-
positional principle in mapping from phonological
representation to speech signals is due to the non-
linearity of the peripheral physical system, and there-
fore factors involved in the core parts of the theory
can be treated separately in parallel. A new finite-
element model of the tongue is being produced by
Wilhelms and his colleagues (Wilhelms, personal
communication, also see Wilhelms and Wu (1991))
as the central component of the nonlinear, large-
deformation signal generating component.

The theory is designed to accommodate much
utterance-specific characterization of speech phe-
nomena, reflecting not only various prosodic charac-
teristics within contemporary phonological and
phonetic theories, such as intonation and accent,
but also the expressive nature of speech utterances
including speakers’ styles and emotional states. A
comprehensive descriptive frame work of such extra-
phonological characteristics of utterances, however,
is outside the scope of the current study. Some pre-
liminary data of realistic conversational speech are
being collected and analyzed by Donna Erickson
(personal communication, also see Fujimura, Erick-
son and Wilhelms (1991)).

An empirical and computational approach to test
this hypothetical model using extensive articulatory
data in the form of the X-ray microbeam pellet
movement patterns is being developed in coopera-
tion with John Josephson of the Laboratory for Al
Research, OSU, based on his abduction algorithms
for inference with best explanations (Josephson
1987, 1990, 1991). This evaluation procedure is con-
ceptually similar to the method of analysis by synthe-
sis (Stevens, 1960) in modeling speech perception.

This exploration into a new descriptive framework
of speech signals in relation to abstract representa-
tion is strongly motivated by, and has crucial impli-
cations for, the theoretical framework of phonologi-
cal representation in lexical and (postlexical) phrasal
phonology. Extensive surveys of relevant linguistic
data dealing with a large number of languages, and
their interpretations according to the proposed
framework, must await large scale investigations.
Preliminary attempts are being made in cooperation
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with two colleagues with experitise in phonological
theory: Cari Spring and Zhiming Bao.

2. C/D MODEL, INPUT
REPRESENTATION AND PROSODIC
EFFECTS

The proposed theory of phonetic implementation,
which we shall call the C/D model, consists of four
components: converter, distributor, a parallel set of
actuators, (signal) generator. These components are
serially ordered as a computational algorithm for
deriving speech signals from abstract specifications
of an utterance (see Fig. 1). At the output level of
each component (and the input level of the next com-
ponent), there is a representation of the utterance.
The series of such representations for the same utter-
ance at consecutive levels exhibits the transformation
from the abstract symbolic representation to ob-
servable physical numerical variables (time func-
tions).?

The input specification given to the C/D model
contains a string of syllables, each syllable being
identified as a linearly ordered string of syllable
prefixes (henceforth p-fixes), a syllable core, and syl-
lable suffixes (s-fixes). The string of syllables is as-
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Fig.1 C/D Model (signal generator not
shown).

sociated by (1) prosodic structural information, e.g.
a metrical tree,® and (2) extraphonological informa-
tion represented by supplemental symbols, each of
which is attached to a boundary symbol identifying
the affected unit (syllable, word, phrase of any type,
or the entire sentence, paragraph, or discourse).
Syllable features and the s-rep

The syllables are represented by an unordered set
of features specified for the onset, another set for the
coda, another for the nucleus, and optionally un-
ordered sets of occlusive consonantal features speci-
fied for each of the ordered syllable affixes (p-fixes
and s-fixes). A common vocabulary of consonantal
features are used for both onset and coda specifica-
tions, while nucleus specifications are given in terms
of a distinct vocabulary of vocalic features.*® This
paper is primarily concerned with (General Ameri-
can) English, and in this language affixes are always
a single s-fix (see below) placed to the right of the
core. In what follows, the treatment of consonantal
features and the concepts of syllable affixes as op-
posed to syllable cores are equivalent to that of
demisyllables (see Fujimura (1979, 1989b), Clements
(1989)).1* Features, surrounded by curly brackets in
this paper, are all privative (i.e. unary) and under-
specified.?

Some English examples of the minimal specifica-
tions for each demisyllable as a whole may be useful
for clarification. In both onset and coda, /g/ is
specified as {dorsal, stop, voiced}, /l/ as {lateral},
/sp/ as {labial, spirant}; in onset, /kl/ as {dorsal,
lateral}, /sm/ as {labial, spirant, nasal}, and in coda,
/mf/ as {labial, fricative, nasal}, /nt/ as {apical, stop,
nasal}; /nd/ is analyzed as /n/ {apical, nasal} in coda
and + {stop} in s-fix, the latter requiring no specifi-
cations of voicing nor place by general requirements
imposed on s-fixes. Generally in either initial or
final demisyllable, no more than one place'® specifi-
cation is given: {spirant} for phonemic /s/ in clus-
ters /sp, st, sk/ (both initial and final positions) and
/sm, sn, sl/ (initial position only) is implemented as
an accompanying pre-closure frication (which also
affects the phonetic value of the phoneme /p/ in /sp/
by eliminating its aspiration, for example). Phono-
logically, as seen in /sl/ {apical, lateral} in opposi-
tion to /fl/ {labial, lateral, fricative}, there is no place
specification for {lateral}, and the opposition {apical}
vs. {labial} exhibits the place distinction of the entire
demisyllable.

The corresponding phonetic implementations
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specify articulators, such as the same tongue tip
for both {lateral} (in applicable situations) and
{apical} (in combination with {stop}, {fricative}
{spirant}, or {nasal}). The feature subset {voiced,
voiceless} constitutes a type which we may designate
as ‘“‘voice features’’; nasal, lateral, roticized and
glide (labio-velarized and palatalized) involve vo-
calic gestures and constitute another subset (reso-
nant features).!* Vocalic gestures can be involved in
phonetic implementations of consonantal features,
not only sonorant features such as lateral and nasal
(see Sproat and Fujimura (forthcoming)), but also
obstruent features (e.g. Japanese apical stop, frica-
tive and nasal consonants are phonetically palatal-
ized preceding the vowel /i/).

Prosodic structure and boundaries

It has been shown that phonological phrase struc-
tures are different from syntactic trees (see Selkirk
(1984), Inkelas (1989)). There is also articulatory
evidence that such phrasing effects can be observed
as a locally uniform speech rate increment/decrement
with discontinuous changes at the boundaries (see
Fujimura (1986; 1990a, b). In the C/D model, it is
assumed, tentatively, that all prominence informa-
tion is incorporated, at one level of representation
(within the converter), into strengths of syllables, i.e.
syllable pulse magnitudes, and thereby syllable inter-
vals (see below). The type and strength of adjacent
boundary may interact with the syllable strength in
the computation.

Intonational structure has been intensively studied
(see e.g. Pierrehumbert and Beckman (1988); for
reviews, Fujimura (1989a) and Kubozono (1992)),
and is related to the issue of temporal organization
(see Edwards and Beckman (1988)).

Utterance characteristics

The syllable-boundary strength pattern repre-
sented by the time-amplitude modulated pulse train
(see below) is first computed based on phonological
information, and then is adjusted for discourse
features such as {focus} and discourse organizing
principles such as intraparagraphic declination (see
Hirschberg and Pierrehumbert (1986), Pierrehum-
bert and Hirschberg (1990)). Specifications of extra-
phonological expressive characteristics such as {casu-
al} and {irritated}, as well as speaker and speaking
style characteristics of the utterance, are further
considered for adjusting the impulse time series.
These specifications of utterance characteristics are
also encoded into the set of vocalic gesture specifica-
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tions in specific articulatory dimensions, for example,
pertaining to voice quality control as well as mandi-
ble height control, in superposition with implemen-
tations of vocalic features as base functions.

One unique feature of the present model is that,
despite all these adjustments of prosodic control,
the inherent consonantal gestures maintain constant
and invariable impulse response functions. This
idea is motivated by the observation that certain
consonantal gestures that are less affected by the
complex constraints imposed by the highly nonlinear
physical articulatory apparatus are observed to be
relatively invariant in selected parts of the move-
ment patterns (icebergs, see Fujimura and Spencer
(1983), Fujimura (1986)).1%

Utterance conditions vary widely. The scope of
the current study is too limited to cover all these
conditions, and a systematic description of structure
and representation of these conditions and charac-
teristics requires large future efforts. Two specific
utterance situations are being studied (Westbury and
Fujimura (1989, in press), Erickson, personal com-
munication) in connection with the present theoreti-
cal work:

(1) Correction of erroneous digits in a dialogue
verifying a street address, interpreted as the place-
ment of focus on the corrected word and marked by
a symbol “!”’ placed immediately to right of the left-
edge word boundary “#”, as in /§ noW ¢ 1ts # falJv
#! faJv # naJn # paJn # striJt §/; this symbol placed
on a word is interpreted to represent a focus feature
causing prominence.

(2) Repeated correction of the same error in a simi-
lar situation: /*$ noW % Its £ faJv #! faJv # naJn
# paJn # striJt §/. The asterisk may be interpreted
as representing an emotional feature “‘irritated.”

3. CONVERTER

The first component is the converter. It converts
the symbolic representation of the prosodic and ex-
traphonological specifications of an utterance into a
temporal sequence of syllables and boundaries, each
of which is represented by one impulse in a time
series and is assigned a computed set of numerical
values of strength (pulse magnitude u, see Fig. 1)
and timing (time of occurrence 7). Symbolic specifi-
cations of the syllable identities are (1) passed on to
the next stage of derivation (distributor) and (2)
interpreted by the converter identifying relevant in-
formation concerning syllable types, which deter-
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mine, according to a syllable-type table, the multi-
plicative coefficients a’s'and f’s of the pulse interval
formula (see below).

Boundary types, reflecting the hierarchical struc-
ture of the phrasing pattern, are tentatively assumed
to be (1) partly absorbed by computation into the
syllable and boundary strength information, which
in turn generates the timing information of each
syllable impulse, and (2), as the shadow computa-
tion implies, evaluated as an add-on syllable in-
terval (see Fujimura (1987)).1¢ Part of the interval
“due to a phrase boundary is implemented as a pause
interval, in interaction with utterance feature specifi-
cations, which may in part vary randomly in actual
utterances. It may be assumed that articulatory
gestures are computed regardless of this pause im-
plementation, but intonation contours may interact
with the latter (see e.g. Uyeno et al. (1981)).

The converter first evaluates the input representa-
tion and computes pulse magnitudes for syllables
and boundaries. The ordered string of magnitude-
specified pulses is then interpreted, and time values
are assigned to syllable impulses by the following
linear algorithim:

Ti—=Tim1=0+ fim1+ B+ i,

for the i-th and (i— 1)-th syllable. The multiplicative
constants @ and £ may be considered figuratively
to determine “shadow angles” of each syllable
pulse on the right and left sides, respectively (see
Fig. 1).1" A similar shadow is defined only on the
left side of each boundary pulse. The basic idea is
simple: if there is a strong (i.e., prominent) compo-
nent, it is implemented phonetically with a larger
duration (see Westbury and Fujimura (1989; in
press)), probably as well as a higher voice pitch and
enforced voice quality and intensity. The rest of the
speech material is “pushed away” in time. The tim-
ing computation based on the strength pattern is
later affected by several factors through modifying
the constants @ and f: in particular, all the «’s and
[’s are globally adjusted for the specific speaker and
speaking style characteristics.

In Fig. 1, in the output of the converter, syllable
pulses are represented by thick vertical lines, and
boundary pulses by thin vertical lines. Syllable pulse
strengths are denoted by g1, 2, ys and ua, for the
four syllables in ‘That’s wonderful,” and each of
these syllable magnitudes is shown by the pulse
height. Greek (with an exception of N) symbols
under the shadowed pulse train represent ‘“‘manner”

(r for stop, o for fricative, N for nasal, A for lateral,
p for roticized; ¢ for interdental). The next lower
row shows the pertinent articulator (in small capitals,
p for lips, T for tongue tip, ¢ for tongue blade, and
K for tongue body), specified only for occlusives.
The third row shows voicing of obstruents. Note
that voiceless obstruents and voiced sonorants are
unmarked.’®* These feature symbols are placed on
the left side of the pulse for the initial demisyllable,
and on the right side for the final demisyllable.

S-fixes are denoted by a manner symbol (in this
case o) preceded by a middle dot. The existence of
an s-fix constitutes a distinct syllable type attribute,
and warrants a more gradual righthand shadow
slope. Also, the impulse response functions for s-
fixes are given different parameters in comparison
with those for coda.’® In English, s-fixes are neces-
sarily apical obstruents, and are voiced when and
only when the tautosyllabic coda is voiced; there-
fore, the only feature specification for each s-fix is
that of manner, viz. stop, fricative, spirant (/st/), or
concomitantly stop or spirant and fricative (/ts/ or
/sts/). According to this formulation, English syl-
lables have only single s-fixes. The behavior of the
morphemic ‘th’ as in ‘sixths,” ‘strengths’ [strenkOs]
(/stre{N, K}-6-s/ derived lexically from /[stro{N, K}
+0+s/), ‘warmth,’ etc. is exceptional, and violates
the voicing agreement of the s-fix also.?

At the bottom line of the converter output repre-
sentation, vowel symbols, as an abbreviation of vo-
calic feature specifications, determine the inherent
characteristics of the syllable nucleus. Note, in par-
ticular, that the reduced syllable (the third syllable)
is indicated by a short syllable impulse, its time (7s)
and magnitude (us) being determined by the prosodic
information, but is not provided with any vowel
identity. A schwa in a reduced syllable is thus given
a slot as a syllable nucleus without its content (see
Chomsky and Halle (1968); Browman and Gold-
stein (1990)). The consonantal perturbation often
modifies the vowel quality even at the time the peak
activity of the vowel gesture is observed. Particu-
larly, final resonant features such as diphthongiza-
tion, nasalization, lateralization, roticization, ac-
company strong vocalic gestures** such as tongue
body retraction and velum lowering, which, by
virtue of the temporal characteristics of the impulse
response functions assigned for these gestures,??
manifest their peak effects in the central portion of
the syllable nucleus in the time domain.
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4. DISTRIBUTOR

The syllable feature specifications are interpreted
by the distributor, and are distributed using a feature
table, for relevant actuators that are responsible for
the corresponding articulatory gestures. The distri-
butor first evaluates for each demisyllable or affix the
mapping from the set of specified phonological fea-
tures into a corresponding set of articulatory ges-
tures. Each gesture may be interpreted as a combi-
nation of articulator and action. The distributor
passes the syllable impulse specifications unchanged
on to actuators.

Articulatory gestures are constructed as follows.
For each specified (if any) place feature, P, T, C, or

K, a feature table provides a crucial articulator, i.e.

the lips, the tongue tip, the tongue blade, or the
tongue body, in the case of English. A concomitant
(i.e. tautodemisyllabic) manner feature is looked
for.?® 1If a {stop} feature 7 is identified, an articula-
tory dimension is established for the stop elemental
gesture in the identified articulator. A {fricative}
feature o in combination with an identified articula-
tor similarly establishes the frication elemental
gesture in another articulatory dimension. A com-
bined specification of 7 and o results in an integral
affricate elemental gesture, the temporal sequencing
of the articulatory actions being prescribed by the
inherent parameter values of impulse response func-
tions, generally according to the vowel affinity (see
Fujimura (1975)) or sonority cycle (see Clements
(1989)) principle for consonantal gestures. A {nasal}
feature specification has its projection onto the stop
elemental gesture in the articulator which corre-
sponds to the concomitantly specified place feature.
It also has a projection in the articulatory dimension
velum lowering, which has a stored impulse response
that has temporal characteristics entirely different
from the response function in the oral closure dimen-
sion, even though both respond to the same syllable
-impulse. Similarly, a specification of the feature
{lateral} has a projection in the tongue tip as the
designated articulator, at least if it is in the onset,
but this articulator designation is entirely achieved
by the feature table, regardless of the concomitant
place feature specification (consider an example such
as ‘plot’ where the concomitant place is labial, or
‘belt” where the place is apical). It also has phonetic
projections in the tongue body retraction and in the
tongue blade narrowing as inherent elemental ges-
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tures. Note that the impulse response function to be
evoked by any elemental gesture depends crucially
on the onset-coda distinction, and possibly, to a
limited extent, on the concomitantly specified fea-
tures. The parameter values of the impulse response
functions in the table is also sensitive to the partic-
ular dialect as well as the language, and the idio-
syncrasy of the speaker.

Assume an articulatory event (G, u, 1), where G
is an articulatory gesture, which represents the con-
sonantal articulatory implementation of the entire
demisyllable or the s-fix. It comprises a set of ele-
mental gestures. For example, the gesture for the
onset of ‘split’ comprises elemental gestures that
include the following physical phenomena: frication
in the tongue tip for {spirant}, the stop closure in
the lips for {labial} and implicationally [voiceless],
and the partial contact in the tongue tip, the narrow-
ing in the blade, and the retraction in the body for
{lateral}. In the example ‘That’s wonderful!’ given
in Fig. 1, the distributor interprets phonological
feature symbols into similar but distinct symbols,
which abbreviate individual specifications of articu-
lators and actions. The distributor then delivers the
pulse train of a phrasal unit (see Fujimura (1990b)
for discussion of phonetic phrases) to their responsi-
ble actuators, to evoke response functions as time
series in multiple dimensions.

For example, the interdental fricative [f] is pro-
nounced by the tongue tip (an articulator) with a
protrusion (action), forming an articulatory gesture
|tip protrusion|. The feature symbol 6 for {inter-
dental} stands for this articulation which is com-
monly interpreted as the implementation of the
phonemes /6/ and /d/. Note that there is no specifi-
cation for fricative (+ continuant) for interdentals.
In fact, whether interdental consonants in English
are fricatives, stops, or affricates, or perhaps laterals,
is debatable from an articulatory point of view. The
voicing distinction may or may not affect the articu-
latory gesture (impulse response function) in general,
and in the example of Fig. 1, this information is
retained for the actuator implementing tongue tip
closure. The feature table contains an entry for {0}
(in Greek) and the distributor passes the elemental
gesture designation |6] (in Phonetic) to the actuator
representing [tongue tip protrusion]. In the case of
/p/ vs. [t], for example, the distributor combines the
specifications for the manner 7 and the place P or T
to designate dimension [lip closure] or [tip closure].
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All relevant actuators are activated simultaneously
by the distributor. Variance in temporal occurrences
of events in different dimensions for different gesture
specifications is due mostly to the difference in
response function parameters, to be observed in
phenomena such as the time of peak activity relative
to the same syllable impulse.

5. ACTUATORS, ARTICULATORS AND
ACTIONS, SIGNAL GENERATION

Articulatory gestures to implement feature specifi-
cations are constructed for the signal generation, as
complexes of concurrent elemental gestures. The
gestures are linearly superposed upon each other in
individual articulatory dimensions, with inherently
specified weighting coefficients dimension by dimen-
sion for each feature specification, as well as (multi-
plicatively) an extrinsic weighting factor x of each
syllable pulse. Articulators are physico-physiologi-
cal apparatus, such as the tongue tip, the lips, the
mandible, the velum, and a few independent laryn-
geal controls, identified in the signal generator sys-
tem, and each of them is related to a set of articu-
latory dimensions representing their anatomical
associations. An elemental gesture is a combination
of an articulator and an action, and is implemented
by an actuator. Actuators correspond one to one to
articulatory dimensions, and are computational
processes, which implement elemental gestures as
proper patterns of activity in proper articulators.
The output time function of an actuator represents
a time course of physiological (and consequently
physical) activity for the given utterance.

Elemental gestures are executed by specifying
time functions which represent physiological activity
such as patterns of muscle contractions. The impulse
time functions constitute a family of mathematical
function forms, which, for consonantal gestures,
generally (1) starts from the current value of the
vocalic base function in the particular articulatory
dimension, (2) deviates from it with a certain time
constant in the manner prescribed by the specified
functional and parameters, and (3) similarly returns
to the base function (Fujimura and Wilhelms
(1991)). In addition, one of the inherent parameters
for the impulse response function of each actuator
represents a temporal property roughly to be identi-
fied as (positive or negative) delay of the peak event,
relative to the triggering pulse. For each articu-
latory dimension, the base function and the conso-

nantal perturbation function are linearly super-
imposed before the nonlinearity is introduced by the
articulatory system simulation.

The signal generator as a physical model com-
putes the movement of the tongue and other parts
of the articulatory system. As an example of articu-
latory signals, it would generate pellet movements as
observed in the computer-controlled X-ray micro-
beam (Fujimura, Kiritani and Ishida, 1973; Kiritani,
Itoh and Fujimura, 1975; Nadler, Abbs and Fuji-
mura, 1987). Pellet movements and resultant
acoustic signals would be the output signals of the
model. Interaction between different articulatory
dimensions takes place in the physical system, and
is, in many cases, conceptually straightforward (e.g.
between lower lip position and mandible position).
An effective implementation of such principles,
however, requires a fairly accurate 3-dimensional
simulation model of the tongue and associated
anatomical structure in combination with realistic
physiological control (see Kiritani ez al. (1976),
Fujimura and Kakita (1979), Kakita, Fujimura and
Honda (1985)). It is now clear that such a model
also must represent dynamic properties of the
system, considering inertia, as well as many factors
of nonlinearity. Movement saturation causes non-
linear processes such as soft clipping?* of the posi-
tion time functions, exhibiting a flat plateau of dif-
ferent durations due to different syllable impulse
magnitudes. The treatment of interactions between
adjacent impulses may involve other types of non-
linearity. For example, simple repulsion or attrac-
tion principles between closely adjacent impulses
can be implemented: the converter senses, in a form
of feedback from a particular subsystem (articulator)
of the signal generator, events like clashes, and
makes timing adjustments of the consecutive syllable
impulses to keep two activities separate in time, with-
out affecting other inputs for different actuators (see
Fujimura (1986); Browman and Goldstein (1989)).
In contrast, most phenomena of articulatory merg-
ing as well as hard coarticulation (see Fujimura and
Lovins (1978)) can be accounted for by the satura-
tion in articulator position (i.e. soft clipping).

NOTES

1 There are two other meanings of nonlinearity: one is
the nonlinear application of ordered rules (see Halle
and Vergnaud (1987)), and the other is nonlinearity of
a system in the sense of not obeying the superposition
principle, as extensively discussed in physics and en-
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gineering literature.

2 See e.g. Williams (1971) and Goldsmith (1976).

3 See e.g. Clements (1985), and Sagey (1986).

4 See e.g. Steriade (1982), It6 (1986, 1989), 1t6 and Mester
(1986), McCarthy and Prince (1990), Clements and
Keyser (1983). See Kahn (1976) and Borowsky (1986) for
phonetic discussions arguing for syllables in phonology.

5 Representatively, Chomsky and Halle (1968).

8 Current phonological discussions that are based on
the root node in feature geometry still assume a
phonemic segment as the descriptive unit (the slot on
the skeleton). Archangeli and Pulleyblank (personal
communication) are attacking this basic issue using a
radical approach.

7 The proposed theory does not specify a representa-
tional framework within phonology, while it expects
a certain form of its output. It does attempt to prove,
however, that segmental description is not necessary

J. Acoust. Soc. Jpn. (E) 13, 1 (1992)

16 Edwards, Beckman and Fletcher (1991)’s result may

be interpreted as an indication that boundary pulses
are evaluated to modify parameters of the impulse
response functions themselves. It is not clear im-
mediately if this is the case, because, due to the non-
linearity (saturation) of the signal generator, the maxi-
mum speed of an articulator’s movement, for example,
may depend on the syllable pulse magnitude, even
when the apparent extent of the excursion is the same.

17 Pulses are placed in time to make shadows contiguous

with each other in this depiction.

18 The mark “v” specifies that the consonant cluster in

the demisyllable is entirely voiced despite the inclusion
of an obstruent (stop or friction), which in unmarked
cases should be voiceless.

19 An alternative approach would be to assign a separate

impulse to each s-fix, treating it as though it were a
separate syllable.

20 The author is indebted to Briony Williams for this
observation.

. 2! Note that there is a critical lack of uniform correspon-
dence between vocalic features and vocalic gestures in
the present theory.

22 Such tendencies reflect general (parametrically langu-
age specific) principles governing the design of impulse
response function tables.

28 An action may be executed by a particular combina-
tion of specific muscles that results in a participation of
different parts of an organ, or even more than one
organ. The articulator in this theory is a neurophysio-
logical concept rather than physical one.

2¢ Softness of clipping stems largely from the three-
dimensional nature of the physico-anatomical struc-
ture as well as from peripheral feedback.

at least for a coherent phonetic theory, removing

phonetic support for any form of segmentalism in

phonology.

In comparison, a similar model based on segmentalism

was described by the author (Fujimura (1967, 1972));

see also Nakata (1977).

9 See Liberman and Prince (1977). The computation

of syllable pulse magnitudes (see below) may be similar

to the construction of the metrical grid in their theory.

Prince (1983) argues for the use of grid without the

tree. See also Halle and Vergnaud (1987).

This separation of vocalic features from consonantal

features deviates from current phonological literature

(but see Steriade (1987)).

The syllable affixes are conceptually similar to ap-

pendixes (Halle and Vergnaud (1987)) and extra-

metrical segments (Hayes (1982)).

12 J.e. many feature values are left unspecxﬁed, from the
segmental point of view, throughout the process up
to the evocation of elemental gestures as impulse
responses.

13 The term “place” for a feature class is used in this

paper loosely, not reflecting the distinction between

place and articulator in some phonological discussions

(see McCarthy (1989)).

Semivowels in onset (/w/ and /y/) and coda (/W/ and

JI]) are to be represented by features [labio-velarized]

and [palatalized], respectively, and these two features,

together with [aspirated] for /h/ and [long] for vowel
elongation /H/, form a subclass of “glide features.”

Note that phonetic implementation, as well as phono-

logical patterning of glide features vary grossly from

language to language.

15 Certain utterance conditions of limited types, such as
interruption and emotional disturbance, may cause a
temporal distortion that lies outside this description,
and still can be accommodated within the current
model by an introduction of peripheral modifications
of the impulse response parameters, or perhaps a
local modification of the time scale itself.
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