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ABSTRACT

A brief overview of interactive phenomena on
several levels of speech production modeling has
been attempted. Special attention has been de-
voted to the deperdent covariation of phonation
and articulation and the implications for a
source-filter decomposition of speech. The grow-
ing insight in the voicing mechanism and voice
source dynamics provides a broader basis for de-

scription of segmental as well as prosodic fe-
atures.

INTERACTION AND THE SPEECH CODE

Speech production processes are inherently
interactive in the sense that component parameters
and descriptors seldom function independently.
Interaction has thereby become a key word in theo-
retical issues concerning the speech code of al-
most the same dignity as variability and invari-
ance and is related to these topics.

There exists a large literature on invariance
and variability, e.q., the volume edited by Per-
kell and Klatt /1/. The various standings on
these issues seem to reflect consequences of vary-
ing definitions and interpretations of terminology
rather than true divergencies. I must admit that
there exists a similar vagueness in the interpre-
tation of the term interaction which I will use in
a rather general sense. One Obwious comment on
the invariance issue is that we must first accept
that phonological transformations and deletions
frequently interact with the planning of an utter-
ance, thus accounting for a deviant set of phono-
logical representations in less precise speech.
The expected phonemes may simply not be there.
Apart from this extreme, there is a continuity of
the extent of information-bearing properties in
the speech signal ranging from weakly induced
traces to the presence of well-defined phonetic
segments and cues.

However, it is not fair to refute the in-
variance issue by reference to either missing or
weakly manifested features or to the listeners’
complimentary "top down" expectancy. The situa-
tion has been neatly summarized by Lindblom /2/
who points to comprehension as the ultimate level
of invariance. Personally, I do not favor any
specific definition of invariance but I feel it
has an important role in the discussion of dis-
tinctive features /3/ in their literary sense as
constituents of the full speech code. It is also

important to point out the relational basis of
features. To search for distinctive elements in
the speech wave is not a matter of hunting for a
very specific golden grain of information that
should always be there. It is rather a matter of
finding context-biased manifestations of
relational contrasts. A feature is just as much a
matter of what could have been present in the
speech wave as what is actually found.

In practice, we thus have to make up for the
frequent lack of direct invariance by resorting to
a rule-oriented analysis of variabilities which in
the far end preserves an output more or less
appropriate for the specific situation with its
constraints and demands. Production has to re-
cruit a substantial amount of coordinated interac-
tion within the system to accomplish its complex
task.

How do we now define interaction? In a general
sense, interaction is an interdependency of con-
stituents of a descriptive system applicable to
complex transformations and departures from linear
orthogonal relations. A variation of one param-
eter usually implies a nonlinear influence on the
values and variational limits of other co-varying
parameters and the extent to which each of the
parameters influences the final output.

The many-to-one and one-to-many relations be-
tween linguistic and acoustic entities, e.g..
relating a sequence of phonemes or a bundle of
phonological features to acoustic segments and
events and vice versa /4/ has its parallel in
transforming from one level of speech production
to a previous or to a following one, e.g., from
neuromuscular activity to articulatory movements
and further on to vocal tract area functions,
aerodynamical events and speech wave patterns.

The movement of a single articulator is gen-
erally an’ interplay of several muscle functions
displaying synergism or antagonism, with a targe
allowance for individual variations, combining
with other articulatory activity to preserve an
adequacy of the final output. Sensory feedback
adds to the complexity of interactions, see the
contribution of V. Sorokin to this symposium.
Let’s hope that the now popular "action theory"
/5-7/ will find a sufficient close tie to neuro-
physiology so that we at some stage may transform
our present hypothetical generalizations into 2

more complete insight in actual speech motor be-
havior.
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1 have often complained about our lack of
gpeech analysis data. For speech production mod-
eling, the need is even greater. Research has
dealt more with tracking of the movements of spe-
cific reference points of articulators than a
mapping of complete time-varying area functions
and aerodynamic states. There remains a great
deal of work to map cavity dimensions and speaker
specific topologies. We need more insight in the
general relations of speech production and speech
wave patterns, e.g., with respect to consonants.
Cavity-formant relations are complex hut these can
be handled with appropriate models /8/. The lack
of descriptive physiological data remains the
bottleneck.

Speech production is a key to the understanding
of the speech code. Speech production research is
now enjoying a renaissance as a support of. speech
perception theory and also offers intriquing po-
tentialities for a more natural articulatory-based
synthesis. Although a complex of coordinated
activities of several articulators may be involved
in securing a specific auditory-perceptual effect,
the opposite can also be true. What appears to be
a complicated set of context—dependent, perceptu-
ally interacting segments and cues in the spegch
wave can often be related to a single production
parameter.

An example is the role of a vocal fold adbuc-
tion-adduction gesture determining a sequence of
associated events in the speech wave of. an un-
voiced stop including possible aspiration .and
preaspiration which we may contrast with a voiced
stop. Presence or absence of a voice bar, the
initial FO and F1 at relase, Fl cut back and a
shorter duration of a preceding vowel are all
functions of one and the same underlying glottal
gesture. Preaspiration usually terminates the
preceding vowel prior to supraglottal closure
inducing breathy termination of the vowel which
may end with a consonantal occlusion noise.

Other factors than abduction-adduction may
contribute. Thus, the phonemic contrast above may
coftain covarying elements along the tense-lax
dimension. Anyhow, this example illustrates that
what may seem quite complex in a pure perception-
oriented analysis may have a simple co_rrwpondence
on the production level. Such ;ela}:;t/:ns support
motor theories of speech perceptlon .

Mpart from top-down effects, I would prefer tc;
conceive of speech perception not as a process O
looking for equivalent production patterns but
rather as inwolving direct responses to complex
auditory patterms which we have learned to asso;
ciate with linguistic entities. These may ng
entirely conform to speech-motor patterns, t :
full equivalence being reached at a higher leve
of message representation only. An assoclat}in
of auditory patterns to one’s own motor capamo /Y
could be of importance in the learning stage /1 {

Compensatory» modes of articulation have nor

studied extensively. Compensation is never
;\‘:nsplete if we lock at fine acoustic details

to sati rceptual criteria.

The outpfuytfoeriented function of speech pro;
duction is often illustrated by the classica
Piteblock experiment of Lindblom, Libker and G2y
/11/. A speaker aiming at the vowel [i] compen
Sates for an unnatural fixed high jaw openind by
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raising the tongue to an appropriate position. It
is an open question whether the execution relies
more on an invariant command for anchoring the
tongue blade in a certain conmtact position than a
recalculation of what the tongue has to do with
respect to the jaw.

Coarticulation is generally a matter of complex
interactions which might cbscure the interpreta-
tion of spectrographic patterns. Thus, tracking
the transition in the release phase of a labial
stop, it might be hard to catch the initial de-
labialization cues and keep them apart from the
more slowly progressing main tongue body. move-
ments. An insight in production mechanism 18
apparently at an advantage. Still it is question-
able whether this reference also operates 1n nor-
mal s h per ion.

Speecpee: oup:pﬁteptmms vary with the situational
demands. Vowel space shrinks in casual style and
is expanded in “hyper-speech” modes (ref. /2/).
This is analogous to the relation between un-
stressed and stressed vowels in Swedish /12/. A
related observation is that of Zhang Jialu who in
his paper for this session reports s}}ifts of fgr—
mant frequencies and FO as a function of voice

level.
Mgnjt adequate theory of prosody must take into
acoount systematic interactions'of stress and em-
phasis with most speech production p_arameters. )

Words within sentence focus display an 1in-
creased articulatory or "dynamic” canrast whereas
unstressed words will be produced w1‘th less con-
trast between successive segments. With gmpr‘xams,
vowels and unvoiced consonants increase in inten—
sity, whereas voiced consonant s display decreased
intensity due to more effect1ye constrictions.
With emphasis, an otherwise voiced [hA] tends to
loose its voicing due to a more extreme .abductlon
of the vocal folds, and noise qener'atlon takes
over. In a destressed position,' a voice bar of a
stop tends to turn into a semi-vowel with but
little contrast to adjacent vowels [13[. Fig. 1
jllustrates the degree of contrasts w1t1:un a Swed-
ish word "behdlla”, [behol:al, uttered in mﬁ
focal position and prefocus. The oscillogram 2
the voice source excitation parameter display
similar contours which bring out the dlffexjeme in
dynamic contrast. We are now engaged in more
general studies of how voice source parameters

enter prosody-

ol
PHONATORY AND ARTICULTORY INTERACTT
THE HUMAN VOICE SOURCE

A decomposition of the a.cousti.c stage of fspeech. eoch
production into a source function and a filte
function has a counterpart in the terms ph:na‘ tion
and articulation but the correspor}den‘ce is :10;
perfect. The lack of coherence 18 1nfpar 2
matter of terminology. in part a matter O phys

i ction. )
calw;n::;a thus speak of laryngeal or ‘glottal S:t;;
culations as determinants of the wvoice sour i
well as of quality changes reléted to aoca'?zanyx J
changes in vocal tract conf}guratlf:tst ) sgu';ps
"throaty voice"), or we could imply g < e:iy Stope.
In connection with Pi_g. 1, we have :a; ady noved
that a highly constricted s‘mg  ar -
tion impedes the glottal flow which ca appar
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ent changes in glottal pulse shape and intensity
/14/. Furthermore, a glottal abduction induced by
an {h]-sound or appearing at the boundary towards
an unvoiced segment causes changes in formant
frequencies and bandwidths in addition to changes
in glottal pulse shape all of which contribute to
the breathiness or the local aspiration. Thus,
both articulatory and phonatory processes may
influence the voice source whilst the filter fimc-
tion is determined by articulatory as well as by
phonatory adjustments including lung pressure
variations. The validity of the last statement,
however, may depend on the particular definitions
adopted for source and filter. These are not self-
evident.

i i 1 1
100 200 300 400 5(_)0
' ms i

100 200 300 400 500
ms ‘

Fig. 1. Oscillogram and equivalent source ampli-
tude E. of the word "behilla"
[beh’s1:a]. Above the word in sentence
focus, below in prefocus position.

One approach is to refrain from decomposing the
speech into a source and a filter function. This
is the basis for the Flanagan vocal tract analog
which includes a two-mass self-oscillating repre-
sentation of the vocal folds /15/. It has been a
most important and influential tool for simula-
tions.

Over the last eight years, a substantial amount
of voice source studies and modeling has been
carried out in our department /16-24/. Our recent
modeling has been based on a definition of the
source as the actual air flow passing through the

glottis. The filter function is, accordingly,
defined as the supraglottal volume velocity trans-
fer function relating the output flow at the lips,
or with radiation included, the sound pressure in
front of the speaker to the glottal flow. 1In
inverse filtering, this transfer function is can-
celed which ensures an output of true glottal
flow. It should be observed that the source be-
comes a property of the entire system just as any
flow or pressure within the vocal tract whilst the
filter function excludes the glottal and subglot-
tal impedance. Its sole function is to translate
from glottal flow to output flow.

A consequence is that the instantaneous reso-
nance frequencies of the whole system may differ
somewhat from the corresponding resonance frequen-
cies of the supraglottal system. Also, the rate
of formant damping is enhanced during the glottal
open period. These circumstances as well as the
nonlinearity of glottal impedance and the presence
of distributed excitations within the glottal
cycle account for a modulation of the instantane-
ous frequency, phase and damping of formants dur-
ing the open period. This interaction is usually
a second-order effect. However, it puts the bur-
den on the voice source to introduce these modula-
tions in combination with the constant noninterac-
tive filter function. The result is a ripple su-
perimposed on an otherwise smooth glottal pulse
shape and the presence of a pattern of distributed
zeros in the source spectrum.

These irregularities are especially enhanced by
the superposition of formant oscillations from
previous voice periods which may occur at a high
FO. They enter as components of the instantaneous
pressure above and below the vocal folds and thus,
to the transglottal pressure drop which has a
square-law relation to the resulting flow. This
nonlinearity accordingly accounts for an interac-
tion between the existing flow-pressure state and
a following excitation.

A more basic instance of wocal tract - source
interaction is the tendency of a delay of glottal
flow towards the end of the glottal open phase.
The main pulse shape is "skewed" to the right in
comparison with the profile of the time-varying
glottis opening. A consequence is a greater steep-
ness of the flow pulse at closure /25/. This
steepness quantified by the maximum flow deriva-
tive at closure becomes a scale factor of formant
excitations. The larger the negative flow deriva-
tive, the larger values the formant amplitudes
will be. The maximum glottal flow amplitude (or
more precisely, the total volume of the pulse) is
a main determinant of low-frequency energy, €.
the amplitude of the voice fundamental. Increased
flow derivative at closure under the condition of
constant pulse amplitude thus increases the level
of formant amplitudes versus the fundamental. The
pulse skewing increases with overall vocal tract
inductance, i.e., with the length and inversely
with the cross-sectional area of the main vocal
tract constriction. Therefore, there is a small
difference in inherent voice source strength of
vowels. The [i] and [a] and [u] will thus gain
about a decibel compared to less constricted vow-

els (see ref. /19/). These relations can be upset
at high FO values.
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All these acoustic interaction phenomena dis-
play a seemingly random pattern of perturbations
of the voice pulse shape which presumable adds to
naturalness /26-27/. They are illustrated in Fig.
2 which shows glottal pulse shapes and spectra
under two conditions, the source without any load
and with the full load of sub- and supraglottal
systems, glottal inductance and viscous resistance

included.
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Fig. 2. From top: glottal flow, flow derivative
and fl;f degrivative spectra from modeling
of the vowel [i]. O stands for source
without load, 1 for the first pulse and 2
for the second pulse with load.
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The interaction ripple is larger in the second
pulse than in the first pulse because of the non-
linear superposition effects. We may also observe
spectral cancellation and reinforcement effects in
the vincity of F2 and F4 of the vowel [i] which
reflects a redistribution of spectral energy to
fit the specific source-filter model.

In Fig. 3, pertaining to the vowel [a], we ob~
serve a zero between F1 and F2 in the vowel spec-
trum and an extra peak between F2 and F3 also
associated with the nonlinear superposition /28/.
The tendency becomes enlarged at large glottal
openings and small losses within the vocal tract,
and when a formant is much dependent on cavity
structures close to the larynx. Figs. 2 and 3
originate from systematic simulations with our
model. In true speech, we occasionally observe
similar effects of extra peaks between formants
which are not related to nasalization. The origin
is the nonlinearity element in the source—’filte::
system, see further the contribution of Rene Carre

to this symposium.
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Fig. 3. Modeling of the spectrum of a vowel [a.].
A=without interaction, B with acoustic
interaction.

Another approach to defining source and filter
which relies on approximations sult_able for syn-
thesis work is to start out by assuning a specific
pulse skewing effect, i.e., the main shape of a
glottal pulse which is irmrpqrater_i in a constan‘;
volume velocity source feeding into the voca
tract terminal which is loaded by the 'glottal
impedance /29/. Various alternatives exist such
as incorporating the subglottal 1mmdance°:ilso or
to resort to a time average only o{ the load.

In formant synthesis one may take into fmmt
the variable loading by a rrpdn}latlon of

widths and frequencies within the glctt.al open
pericd. This has been succeﬁsfully_ exploited by
Cheng and Guérin /30/. However, available experi-
mental data to assess the subjective gain of var-
i jons is still meager. ) ]
1mgu::::izing interaction phenomena 1n vozci

uction, we have described an %wox_ﬁt_lc_: ﬁ?éicm
tion related to the depenylency © the e:—camgl lon
mechanism on the instantaneous value of t‘= sglots
tal pressure drop in \:lhld’\ companents OX : nt
oscillations gain prominence when the tnpedaxx:eor o
the supraglottal system 18 corparad }e og'ectim er
than the glottal impedance. he main ;xt !
selecting the equivalent constant CJUrT rans—
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formation is the nonlinearity of the glottal im-
pedance. To this acoustic interaction adds the
mechanical interaction, related to the change in
the aerodynamic forces, affecting the vocal folds
as a consequence of a supraglottal constriction
which may impede the flow as earlier described and
in general causes perturbations of both voice
fundamental frequency and flow pulse shapes, see
further the contribution of K.N. Stevens who also
treats interaction phenomena in the generation of
unvoiced sounds.

Acoustic interaction alone can explain an in-
teresting phenomenon in soprany singing. An arti-
culation maintaining F1 close to FO will not only
maximize acoustic output but will also minimize
the air consumption (see refs. /22-23/).

At increasing FO and constant vocal tract fil-
ter function, formant amplitudes display periodic
amplitude variations, the range of which is low-
ered by the extra damping associated with interac-
tion. At the same time, the fluctuations of F2
amplitudes are no longer determined by the F2/FO
ratio only and appears to be influenced by the Fl
component of transglottal pressure. This is dem-
onstrated in Fig. 4. The full effects observed
experimentally by Fant et al. /31/, probably in-
clude the vocal fold sound pressure mechanical
interaction (see also ref. /20/).
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Fig. 4. F1 and F2 amplitude variations as a func-
tion of FO in A: noninteractive, B: with
acoustic interaction model. Vowel [£1.

More about interactive voice source effects
will be reported by René Carré. The Grenoble
group has also contributed to other aspects of
source filter or rather source vocal tract inter-
actions. One is related to the problem of the
origin of inherent FO of vowels. Gu&in and Boe
have shown that the aerodynamic forces on the
vocal folds tend to lower FO when F1-FO is small
and positive as could be the case for narrow front
vowels /32/.

The subject of inherent pitch has also been
treated by Zhang Jialu in his presentation to the
congress. He finds that inherent pitch operates
in the Chinese language and fairly independent of
both distinctive tones: and speaker sex. Inherent
pitch differences are greatest at high FO. Zhang
concludes, as is now generally accepted, that the
mechanism of inherent pitch is effected by wvocal
fild tension passively induced by tongue eleva-
tion. ’

Experiments in France with the Flanagan type
vocal tract analog have verified the raise of FO
with subglottal pressure of the order of 2-4 Hz
per cm H,0 pressure increase /33-35/. The role of
the subgfottal system appears to be rather small.
It adds slightly to the source excitation param-
eter and has a quite small effect on FO. Our
experiments in Stockholm point to rather small
influences of the subglottal system on formant
frequencies and bandwidths except when the abduc-
tion is relative large and the subglottal pressure
low.

There is evidence that an increase of subglot-
tal pressure alone is followed by an approximately
square-root dependent increase of maximum vibrato-
ry glottal area, see Fig. 8 of Flanagan, Ishizaka
and Shipley /36/. Since particle velocity is pro-
portional to the square root of pressure, and the
volume velocity is the product of glottal, area and
particle velocity, it follows that glottal peak
flow should increase in direct proportion to sub-
glottal pressure. The accompanying shortening of
the pulse base length and the increase of FO
accounts for an additional 3 dB increase in for-
mant amplitudes, i.e., a doubling of subglottal
pressure is associated with 9 dB overall spectral
level gain (ref. /20/).

;[n the shift towards a pressed voice, there is

an increase of maximum flow derivative at closure
and thus of formant amplitudes at constant or even
reduced glottal peak flow and a decrease of the
open quotient.
. We are now engaged in a project of parameteriz-
ing the voice source and tracking source param-
eters in connected speech /ref. 17/. One impor-
tant parameter is the projection of the initial
§lope of the return phase on the: time axis. This
is a measure of the effective duration of the
interval from maximum flow discontinuity in the
closing branch to complete closure (see refs. /22-
23/). This parameter is expecially apparent in
breathy phonation. It is associated with reduced
exci.tation and extra formant damping whilst the
maximum flow may increase. These studies are also
directed to the mapping of individual and of age-
and sex-related specifics.

It appears to be fruitful to incorporate wvoice
soux"ce parameters as correlates to prosodic cate-
gories. Rule-oriented studies are now under way
to sort out segmentally induced interactions from
urllderlying prosodic patterns. An example was
given in Fig. 1. It is apparent that both proso-
dic-suprasegmental and inherent-segmental struc—
tures are related to all factors of speech produc-
tion, articulation as well as phonation, and thus
source as well as filter functions (ref. /13/).
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