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“Audiophonatory coupling” (apc) indicates degree of speech automatization

Audiophonatory coupling (APC) is active in ongoing speech and under normal feedback conditions,
however, concerns only the stressed syilables. APC means, that the vowel of a stressed syllable, when audito-
rily fed back, influences the duraticn of that vowel in a feed forward manner.

' Expressed more precisely: The beginning of the vowel, when detected in the auditory feedback, short-
ens the duration of this vowet, compared with a condition, where the auditory feedback of the vowel is (sud-
denly and unfereseen) removed artificially. The features of APC indicate that feeding back self produced
acoustical signals serves as state feedback in the sense of control theory, that is to say, this feedback signal is
not used as negative feedback, but as a feed forward signai (exteroceptive feedforward, see e.g. Kalveram
1993). -

The effects of APC can be investigated experimentally, if the auditory feedback is shortly delayed
about 20-60 ms (cf. Kalveram & Jaencke 1989). Under this delay condition, normal speakers exhibit a length-
ening of the duration of vowel (on-time, OT) of the stressed syllable in a word, compared with the vowel du-
ration under simultaneous auditory feedback. In contrast, the OTs of the unstressed syllables are nearly unaf-
fected by delayed auditory feedback. On the other hand, premature auditory feedback shortens the OT for the
stressed syllables, but not for the unstressed ones.

Therefore, the neural controller responsible for the OT usually must be shified between two modes of
operation during speech: The first mode is applied in stressed syilables and makes the utterance of the
stressed syllable dependent from exteroceptive (auditory) feedback. In the second mode, which is in operation
when the unstressed syllable is being spoken, no auditory feedback is required for the well-timed termination
of the OT. In this mode, controf of vowel duration takes place in an automatized {preprogrammed) fashion.
Thus. APC describes that in nommal speakers auditory signals affect the ongoing process of vowel generation



Section 1. Linguistic and Motor Determinants of Speech Fluency 31

Figure 2: Effect of shortly (about 50 ms) delayed auditory feedback (CAF), compared to simultancous feedback (SAF).

VOTL, VOTZ, VOT3: Voice onset times of the three syllables of the testword "2 - 43 - tas”

OT1, OT2,OT3: On times (durations of phonation) of the three vowels. Lingwistic strass is on the second syllable.

Undez DAF, the on time of the streased syllable is lengthened. The lengthening effect is indicated by the shadowed area lppended to OT2

t a t a 1 a

original T
(rectified) Wik .

A | - UaT73
consonants n
{articuiation)

= 073 =1

-— e m e e -

P
vowels
(Phonation) e

in a reflex-like manner located on a low level of control, whereby the coupling strength, e.g. defined as the ex-
tent of lengthening of the vowel, is high in stressed and low in unstressed syilables.

People who stutter, however, show remarkable coupling strength not only on stressed but also on un-
stressed syllables, the coupling strength being very high in stressed and high in unstressed syllables. Taken to-
gether, these findings reveal that the audiophonatory coupling strength seems to indicate the degree of auto-
mation of speech, especially of the unstressed syllable. Therefore, these findings can be taken as a clue that
people who stutter failed to leam to completely automatize the utterance of linguistically unstressed syllables
(that is, making it independent from auditory feedback).! The findings reveal further, that people who stutter
are not as successful in lowering audio-phenatory coupling in unstressed syllables as normal speakers, which
corresponds to the assumption, that people who stutter failed to leam to completely automatize the utterance
of unstressed syllables. This relates stuttering to a low physiological level of speech generation involved aiso
in normal speaking. The following chapter outlines, how a disfunctional APC can affect also higher levels of
speech control,

The hierarchy of speech control

Speaking is a multiple stage parallei-to-serial transformation, in which each of these transformations
separates two levels of the hierarchy. Parallel-to-serial transformation means, that an information unit coded
spacially without using the dimension ‘time’, is transduced into an equivalent time sequence of events. For in-
stance: On a low level of information processing, a syllable commonly is considered a natural unit in speak-
ing. In order to prepare the acoustical transmission of a syllable, it must be partitioned into phonemes which
can be classified into consonants (C) and vowels (V) ordered in the form CVC. Then each phoneme must be
realised in this order as an acoustical event. This point of view can be extended with respect to higher levels
of informaticn processing: A sentence represented as a whole must be serialized into words for transmission.
In the nexi step, each word has to be serialized into syllables.

Perceiving speech, the inverse processes take place, which can be called serial-to-parallel tranforma-

I It can be objected that the meaning of stress is less important in syllable-timed than in stress-timed
languages. Dauer (1983), however, has revealed that interstress intervals in English, a stress-timed
language, are not more isochronous as e.g. in Spanish, a syllable-timed language. He supposes that this
temporal organization regarding stress in language is a universal property.
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tions, because in each step a sequence of events is contracted to one single unit with time being eliminated. In
Kalveram (1991) a model of speech production has been presented visualizing only the two lower levels of
that hierarchy.

On this lower level of the hierarchy a pattern generator called ‘phonation CPG’ is located generating pe-
riods of activity E with 3-7 ¢ps. In each period, that is, during the time between two adjacent points LIT, ex-
actly one syllable is produced. For simplicity, the activity E is assumed to be ramp shaped with altemating
positive and negative slopes. The slope inverses, when E exceeds the upper inverting threshold UIT or under-
goes the lower inverting threshold LIT. Thereby, LIT is fixed and UIT can vary, which can be used to ac-
count for APC: The shortening effect of auditory feedback can be achieved, if the signal coming from the
vowel onset detector lowers the upper inverting threshold UIT (see Kalveram 1991 for details). The working
storage drawn above the phonation CPG provides all the parameters necessary to generate the actual syllable.
These parameters especially destine the type of vowel to be produced by means of a certain energy distribu-
tion among the formants, and the type of consenants located before and after the vowel by specifying the tur-
bulence noise and the voice features if the consonant is voiced. Vowel related phonation occurs as long as E
is above the phonation threshold P. The duration of phonation (On-time, OT) is linearily related to the value
of the upper inverting threshold UIT. The consonants before and after the vowel are produced, if the trigger
thresholds LTT respectively TTT (leading trigger threshold resp. trailing trigger threshold) are crossed by the
activation E. Then slave CPGs (not outlined in fig. 2) are started for just one period, generating the related
consonants according to the content of the working storage. Altering steepness of the slopes of activation E
changes overall velocity of speaking. The phonation CPG, therefore, performs the parallel-to-serial tranforma-
tion at the lower of the two levels under consideration.

One step higher in the hierarchy a shift register is located performing the parallel-to-serial transforma-
tion at this level. Each memory cell of the shift register contains the parameters of just one syllable to be spo-
ken. The file of syllables represents the serial order in which the syllables belonging for instance to a word
and/or a sentence are to be generated. The last memory cell is the working storage, into which the content of
the last shift register cell is transferred immediately before a syilable is going to be produced. An appropriate
storage signal is given if activity E crosses the lower inverting threshold LIT. The working storage, as already
mentioned, holds all parameter values necessary for the actual production of the phonems of that syllable.

To operate properly, a shift impulse is needed which shifts down the contents of the shift register each
time a syllable is completed acousticalty. The shift impulse must be derived from a signal which occurs in
each syliable, however only once. Such a unique signal is the onset of a vowel, which usually can be charac-
terized by phonation without turbulence noise. In case of a preceding voiced consonant, fast transitions in the
energy distribution of the formants can be observed additionally. In fig.3, the unit called “vowel onset” de-
tects the onset of the vowel and generates such shift impulses from the auditory input.

In case of a stressed syllable being actually produced, the shift impulse comes from the auditory feed-
back of the vowel. In case of an unstressed syllable, the shift impulse is derived from the efference copy of
the neural phonation command generating the vowel: If, for instance, E exceeds phonation threshold P, then
the down shift takes place. The last memory cell is called working storage, into which the content of the last
shift register cell is transferred using an appropriate storage impulse, now defined as the beginning of the syl-
lable. o

Taken together: In one activation period of the phonation CPG, the leading consonant, the vowet and
the trailing consonant of the syllable are realised. The onset of the vowel, auditorily fed back, shifts the cells
of the shift register containing the parameters for the desired syllables one step toward the working storage.
At the start of the next cycle of the phonation CPG the working storage is updated and controls the utterance
of the next syllable. However, if (suddenly) the vowel of the syllable cannot be generated, then it follows that
the shift impulse to the shift register is missed. That is to say, shifting ceases and the working storage is
loaded with the old content. That, however, means, that the same syllable must be repeated, when the phona-
tion CPG enters the next period.

Regarding stuttering, phonation indeed can break down due to previous misguided learning on the mo-
tor level of control. In such a case, the shift impulse is missed and the ongoing syllable is repeated, because
the CPG continues. However, if again no vowel is generated, a second iteration begins, a.s.0., until the system
recovers, phonation is produced and shifting as well as speaking can continue. If phonation is completely
blocked, tonic symptoms occur. However, if the phonation only of the vowel fails to be produced, during the
repetitions solely the consonants of that syllable can be heard by a listener (see fig. 3). If however the shift im-
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Figure 3: Hierarchy of higher level speech control, cotmposed of two types of parallel-to-serial tranisformations. On the level shown in part @ {upper half), syliables are
coaverted into sequences of phonems. Fach sequence has the form C, V, C. whereby each component is coded in terms of energy distribution over time among the
frequency bands FO,...FN. The conversion is based on a "master clock signal” produced by the phonation CPG. On the level one step higher in the hietarchy {shown
in part b), words are converted into syllables. This convezsion needs a "siave clock signai”. In smessed syllables, clock impulses are produced via auditory feedback
{switch pos.1), in stressed syllables via internal pathways (switch pos. 2).
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pulse doesn’t work properly, the whole syllable is repeated (known as clonic stuttering).

This relates typical symptoms of stuttering to misguided learning as well as to prosodic features of
speaking (cf. Jaencke et al. 1997) and even to higher order speech moter programming and planning proc-
esses (Bossharde 1993, Peters et al. 1989, Van Lieshout et al. 1991).
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Young children’s problem to learn to unstress syllables: the origin of stuttering?

Young children’s problem to leamn to unstress syllables: the origin of stuttering? There exist observa-
tions, that in acquiring speech two auto-imitation-like processes are to be expected (Kalveram 1997, Kal-
veram and Natke 1997). The first is assumed to take place in young children below about 3-4 years, enabling
the “first speech”. “First speech”, when established, can be characterized by a very good articulation, a stress-
ing of almost all syllables in a word, and - we suppose - auditory feedback of the vowel always being neces-
sary for proper vowel generation in each syllable. Speech rate however is low. Most of the children seem to
acquire the first speech, mastering the fluency problems due to misguided learning without considerable rem-
nants. About an age of four years, speech rate is enhanced, which is obtained by partly autornatizing speech,
that is, mainly by unstressing less important syllables of words (Allan & Hawkins 1980, Kalveram 1997). To
unstress syllables, however, means that a new style of control of the vocal folds respectively the laryngeal
muscles must be learned, by which the effect of auditory feedback on the duration of phonation looses its in-
fluence. In terms of low level leaming (Kalveram 1993}, this demands a second auto-imitation process, which
again is subject to misguidance. The normal outcome is the type of audiophonatory coupling as seen in flu-
ently speaking adults; however, a considerable percentage of the children (about 4 per cent) cannot succeed
completely and some of these (about %) will get long lasting fluency problems. This relates stuttering to
child development.

An important indicator that at an age of about 4 a "second speech” is leamed, is the occurence of pro-
tongations, which usually is regarded as highly related to manifestation of stuttering. Prolongations of vowels
are to be expected, if the neural controller is already able to suppress the effect of auditory feedback on the
generation of vowels in unstressed syllables, but is still unable to set the unit controlling the vowel to the
proper low duration. Disengaging the auditory feedback of vowel onset then prolongs that vowel related
phonation. Now, the controller could try alternative methods to stop phonation, for instance by pressing the
lips together, by a strong adduction (instead of abduction) of the vocal folds, or by an overall weak adduction
in order to relieve abduction. These methods however are contra-productive for fluent speaking, because they
can misguide the leaming process and thus lead to paradoxical innervations of the larynx or the lips. In such a
case. the utterance of the vowel is prevented on the lower control level, with the consequence, that no shift im-
pulsee is generated on the higher control level, which must resuit in iterations of syllables or parts of them, as
outlined above. ‘

Discussion

The presented theory of stuttering is complex and is based on three pillars:
1) Experimental results which lead to the concept of audiophonatory coupling (APC). APC describes the for-
ward control of vowel length by auditory feedback: The perceived vowel onset shortens the vowel duration of
the stressed syllabie.
2) Auto-imitation to acquire the inverse vocal tract transformation necessary for low level speech control.
This learning algorithm is prone to misguided leaming, which can lead to a disfunctional control of vowel
length,.

3) Parallel-to-serial transformations performed by a hierarchically organised high level speech controller.
This controller converts each word to syllables and subsequently each syllable to phonemes using the vowel
onset as a synchronising clock impulse.

The theory expiains unfluent speech by failures on the low control level, which effect also high level control
of speech.

Fluency disorders then would develop as follows:

(1) First speech can be characterised by a pronouncing of almost all syllables in a word or sentence.

(2) The second speech is acquired at an age of about 4 to 5 years. Children then automatise the utterance of
less important syliables - that is, make the production of those syllables independent from auditory feedback.
For that reason, the influence of auditory feedback on the vowel duration of the syllable to be unstressed must
be lowered. If the intrinsic central pattern generator responsible for vowel length fails to switch over to inter-
nal control, then a prolongation of that vowe! must oceur. If otherwise on a syllable to be stressed the auditory
feedback is erranously switched off, likewise a prolongation is produced.

(3) In order to shorten such prolonged segments, reactive but disfunctional altemative mechanisms are
learned subsequently. Instances of such disfunctional mechanisms are closing the vocal tract either by press-
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ing the lips together or by strong adduction (instead of abduction) of the vocal folds, or an overall weak ad-
duction in order to relieve abduction, accompanied by a reduction of the subglottal pressure to prevent unvol-
untary phonation. This leads to disfunctional or even paradoxical innvervations occuring at random in the
flow of speech.

(4) If at such an occasion the vocal tract is closed disfunctionally, fluency is disrupted automatically. If too
weak an adduction is applied, vowel phonation may be missed, which will disturb high level control of
speech and lead to repetitions.

(5) In order to overcome the speech blocks or the repetitions, further efforts are now undertaken by the chil-
dren who stutter. If fixed, these efforts lead to co-movements of facial muscles, a.s.o. Such gradual develop-
ment of secondary symptoms is reported in many cases of stuttering onset (Starkweather 1987).

Obviously, the theory presented is not a mono-causative one! Predispositions may or may not play a
role in the development of stuttering, this is left open. In order to confirm the theory, further experiments
- have to be conducted, especially concerning the APC in very young children.
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