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ABSTRACT

This paper describes a speech synthesizer, called
HLsyn, that is controlled by articulatory parameters.
A set of aerodynamic and acoustic parameters are cal-
culated from mapping equations internal to the synthe-
sizer, and the derived acoustic parameters are used to
control the sources and filters for a Klatt formant syn-
thesizer. An example showing the synthesis of an ut-
terance containing a consonant cluster illustrates how
the synthesis parameters for place of articulation and
for glottal control are overlapped to produce a fluent
output. The organization of rules controlling HLsyn
from a phonological planning stage is described.

1 INTRODUCTION

In this paper we describe a speech synthesizer that is
controlled by articulatory parameters. From these ar-
ticulatory parameters, a set of aerodynamic and acous-
tic parameters are derived, and the acoustic parame-
ters are used to control a Klatt formant synthesizer
[1]. The synthesizer is called HLsyn, because it is con-
trolled by higher-level articulatory parameters [2].

The primary aim of research with the synthesizer is to
formulate principles for the synthesis of running speech
based on parameters related to articulation, and there-
fore to gain insight into the process by which speakers
coordinate the movements of the articulators. We il-
lustrate these principles by the synthesis of a sequence
containing two adjacent consonants. In human speech
production, these sequences are produced with some
overlap of gestures associated with the features for the
individual consonants. The overlap can occur in the
movements of the primary articulators that produce
the consonants and in the movements of secondary ar-
ticulators like the vocal folds, the soft palate, and the
tongue body. This overlap can lead to some weaken-
ing of the acoustic cues for the individual consonants.
However, the amount of overlap must be limited so
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some cues for the features for each consonant are
ed. The amount of overlap that is allowed is

er for within-syllable consonant sequences than
nsonant sequences across syllable boundaries.

2 DESCRIPTION OF HLsyn

arameters that control HLsyn, and their relation
e articulatory and laryngeal structures and to res-
ion are shown in Fig. 1(a). Brief descriptions of
13 parameters are listed in Table 1. The dia-
in Fig. 1(b) shows these parameters as inputs to
nthesizer. A set of mapping relations transforms
L parameters (represented by lowercase letters)
he larger number of acoustic source and filter KL
eters (represented by capital letters) that con-

he Klatt formant synthesizer. For example, the
arameter AF is the amplitude of frication noise,
everal KL parameters specify the properties of
lottal source (such as the amplitude AV of the
dic component, the spectrum tilt TL, the open
ent OQ, and the aspiration noise amplitude AH).
mber of KL parameters control the filtering of the
es. These include the formant frequencies and
widths (such as F1, B1, F2, and B2), and nasal
, zeros, and bandwidths.

in the 13 control parameters, there are four (f1,
, and f4) that are not strictly articulatory param-
but are closely related to articulation. These are
atural frequencies of the vocal tract, assuming
there is no acoustic coupling to the tracheal and
cavities, and assuming there are no local con-
tal constrictions in the vocal tract. If there is
ing to the nose or trachea, or if a local constric-
xists (as for the parameters al and ab), the map-
relations make some adjustments to the natural
encies, and, in some cases, modify the formant
widths relative to a set of default values. Thus
L parameters such as F1 and F2 in Fig. 1 may
fferent from the HL parameters that specify the
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Figure 1: (a) Sketch of the vocal tract and larynx showing
articulators that are controlled by HLsyn pa-
rameters. (b) Block diagrams showing HL pa-
rameters, mapping relations, and KL parame-
ters calculated from these relations. (From [3])

“underlying” natural frequencies f1 and f2.

A central component of the mapping relations is a cir-
cuit model that calculates airflows and pressures in the
vocal tract, given the subglottal pressure ps, the cross-
sectional areas of constrictions at the larynx and in
the supraglottal airways, the compliance of the walls
of the vocal tract and glottis, and any active expan-
sion or contraction of the vocal-tract volume [3, 4].
From these calculated flows and pressures the ampli-
tudes and spectra of the periodic glottal source and
turbulence noise sources are calculated. This aerody-
namic model is particularly relevant to the synthesis of
obstruent consonants.

The model calculates pressures and flows at all times
in a synthesized utterance. Thus at all times the model
must have knowledge of the average cross-sectional
area of the laryngeal constriction, given largely by the
parameters ag and ap, together with the minimum
cross-sectional area in the supraglottal airway. For the
supraglottal tract, the minimum of four areas is cal-
culated: (1) the area at the lips, given by al, (2) the
cross-sectional area ab formed by the tongue blade,
(3) the minimum cross-sectional area as a consequence
of tongue-body movement, and (4) the cross-sectional
area for liquid consonants. The minimum constriction
size formed by the tongue body is a simple function
of f1 based on acoustic theory. For low f1, as for high
vowels or velar consonants, the area is small, and is
made in the oral cavity. For high f1, the area is also
small, and is located in the pharyngeal region. For
intermediate f1 values, there is no major tongue-body
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4 First four natural frequencies of vocal tract,
assuming no narrow local constrictions (Hz)
Fundamental frequency due to active adjust-
ments of vocal folds (Hz)
Average area of glottal opening between
the membranous portion of the vocal folds
(mm2)
Area of the posterior glottal opening (mm2)
Subglottal pressure (cm H2O)
Cross-sectional area of constriction at the
lips (mm2)
Cross-sectional area of tongue blade con-
striction (mm2)
Cross-sectional area of velopharyngeal port
(mm2)
Rate of increase of vocal-tract volume
(cm3/s)
Change in vocal-fold or wall compliances (%)

Table 1: Description of HLsyn parameters

riction. Vocal-tract configurations corresponding
uids can be identified by particular formant pat-
that are outside the range normally observed

owels. When the formants are within this “liq-
range, a formula in the mapping relations cal-
es an estimate of the cross-sectional area formed
e tongue blade. Although all four types of ar-
re calculated at all times, the minimum vocal-
area during vowels, glides, and liquids is usually
enough that there is no pressure buildup behind
onstriction, and consequently no frication noise is
ated. However, in the context of segments with
panded glottal opening (for example adjacent to
ated stop consonants) the tongue body or tongue
constriction for these segments may be compa-
to or less than the glottal opening, and there
e increased pressure behind the constriction and
frication noise. Further details of the mapping

ons in HLsyn are given elsewhere [3].

3 TOWARD RULES FOR
SYNTHESIS WITH HLSYN

escribe here the structure of the rules that are
sed for the control of HLsyn from a discrete lin-

ic input. The synthesis of an utterance begins
a planning stage, which has several components.
boundaries are marked in this planning stage, as
e beginnings and endings of phrases. The plan-

stage consists of sequences of phonemic segments
ndles of distinctive features. Each consonant in
equence is labeled to indicate which vowel it is
ted with (or it may be affiliated with two vowels,
efore and one after the consonant). Vowels are



labeled with three degrees of prominence.

For each feature in a bundle there is a set of rules that
specify how the various HL parameters are to be con-
trolled [5]. These rules depend on other features in the
bundle and in adjacent segments, the affiliation with
a vowel (for consonants), the prominence of the vowel,
the location of the word boundary relative to the seg-
ment, and the location of the segment with respect to
the phrase boundaries. Three kinds of rules are in-
volved in the synthesis of an utterance: (1) rules for
prosody at the phrase level, involving the parameters
ps, f0, and ag; (2) rules for controlling the parameters
f1, f2, f3, and f4, which, in effect, are rules for manipu-
lating the tongue body position and lip rounding; and
(3) rules for controlling the primary and secondary ar-
ticulators for consonants. For rules of type (1) and (2)
the parameters must be specified at all times in an ut-
terance. The control parameters involved in the rules
of type (3) normally have some default state, and for
each consonant a selection from among these parame-
ters is made depending on the consonant features. For
example, for obstruent consonants, the primary articu-
lator must be selected, and secondary parameters such
as laryngeal configuration, stiffness, and vocal-tract ex-
pansion are activated to achieve appropriate pressures
and airflows, depending on the consonant voicing. For
nasal consonants, the primary articulator is again se-
lected and the parameter an is activated.

4 AN EXAMPLE: SYNTHESIS OF A
CONSONANT SEQUENCE

We illustrate the control of the synthesizer for the con-
sonant sequence /pr/ in the word pray. Figure 2 shows
some of the control parameters, together with a spec-
trogram of the resulting synthesis and some of the de-
rived KL parameters. For this brief utterance our main
concern is not with the parameters relating to prosody.
However, in Fig. 2(c) we do show the rise and fall of
the ps parameter simulating the onset and termina-
tion of expiratory control of respiration. Also shown
(Fig. 2(b)) is a slight spreading of the glottis (param-
eter ag) near the end of the word—a common gesture
at the termination of expiration [6]. An appropriate
f0 contour is also used in this synthesis (not shown in
figure).

Our main interest here is to examine the interaction of
HL parameters for the tongue body, the lips, the glot-
tis, and the tongue blade. The rules for the synthesis
of /p/ are to close the lips (parameter al), to stiffen
the vocal folds and the vocal-tract walls (parameter dc
with a negative value), and to spread the glottis (in-
creased ag) during the closure and for a time interval
following the labial release. The synthesis of syllable-
initial /r/ involves setting f1, f2, and f3 to appropri-
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re 2: Synthesis of the word “pray.” See text for
details.

alues, particularly with a lowered f3, and then
plement transitions of these formants to formant
ts for the beginning of /e/. This diphthongized
l has an offglide toward a lower f1 and a higher f2.

e 2(a) shows the movements of the formant pa-
ters f1, f2, and f3. The low f3 is implemented
the beginning of the utterance, indicating that
ngue is in the /r/ position during the /p/ closure.
labial consonant places little constraint on the
e movement for the following segment. The time
e of the labial parameter al is given in Fig. 2(b).
ows a rather rapid rise. (The mapping relations

atically compute a lowering of the first formant
ency relative to the rule-generated value of f1 due
e local labial constriction.) Figure 2(b) also dis-
the time course of the glottal opening ag, which

ins wide for about 40 ms before returning to a
l value for the vowel. At the release of the pa-



rameter al, a brief initial peak in airflow through the
lip opening is calculated, together with a frication noise
source. Since it occurs at the lips, this source is not
filtered by a formant resonator.

In the time up to about 200 ms, the formants are in
the range for liquids, and the minimum cross-sectional
area in the vocal tract is assigned to the tongue-blade
region. This area turns out to be comparable to ag,
and consequently there is pressure buildup behind the
constriction for /r/, and a frication noise source is gen-
erated. This source excites a resonator with frequency
set to f3, as specified by the mapping relations.

The calculated KL source parameters AV, AF, and AH
(amplitudes of voicing, frication, and aspiration) are
displayed in Fig. 2(d). It is noted that during the 40-
ms interval following the release of al, the dominant
noise source is frication rather than aspiration. A brief
interval of weak frication noise appears at the end of
the synthesized word. This is a consequence of the in-
creased ag at utterance termination and the constric-
tion formed by the high tongue body as f1 decreases
at the end of the vowel /e/. A spectrogram of the
synthesized utterance is shown in Fig. 2(e). A spoken
version of the same utterance is displayed in Fig. 2(f)
for comparison.

5 DISCUSSION

Our experience with HLsyn highlights some advan-
tages of articulatory synthesis over more conventional
source-filter synthesis or concatenative synthesis. As a
research tool, it certainly helps the user to gain deeper
insights into the human speech production process—
what kinds of gestural overlap are allowed and what
are not; the role of subglottal pressure changes in shap-
ing acoustic events at phrase boundaries and at promi-
nences and lenitions; the potential role of manipulation
of vocal-tract wall stiffness in implementing the voic-
ing distinction for obstruent consonants; etc. One can
experiment with these and other aspects of speech pro-
duction following an analysis-by-synthesis approach.

It is also evident that articulatory synthesis can be
achieved with control of a relatively small number of
parameters. For example, synthesis of the word pray
simply involves manipulation of the lips, the glottis,
and adjustment of the formants for /r/, and yet a
rather complex sequence of acoustic events emerges
from the synthesizer. A change from pray to bray,
for example, could be made simply by adjustment of
the parameter agand possibly also dc (not shown in
Fig. 2). Synthesis with acoustically based parameters
would involve a more complex adjustment.

Attempts to synthesize with articulatory controls
comes with a cost, however. Speech articulation has
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een studied as extensively as speech acoustics,
here are a number of aspects of articulation that
ot as thoroughly measured as the acoustic pat-
For example, extensive data on the changes in
l configuration for voiced and voiceless conso-
or for vowels in different prosodic environments

ot available, and there are essentially no data on
es in stiffness of the vocal-tract surface. Some

ese parameters in the synthesizer need to be ad-
by trial and error so that they yield appropriate

ures and flows, and appropriate speech patterns.

highlights an inherent limitation of present-day
esizers. Unlike an adult speaker, or, more pre-
, unlike a developing child, a synthesizer is not
ped to evaluate its own speech and to automati-
make corrections to its production based on what
s heard. Feedback, followed by correction of the

eters, must be done by the experimenter. The
ate synthesizer should be able to hear itself and
self-correcting.
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