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ADAPTIVE VARIABILITY AND ABSOLUTE CONSTANCY IN SPEECH SIGNALS:
TWO THEMES IN THE QUEST FOR PHONETIC INVARIANCE

Bjoérn Lindblom

Department of Linpguistics,

ABSTRACT

Our topic is the classical problem of
reconciling the physical and linguistic
descriptions of speech: the invariance issue.
Evidence is first presented indicating the
possibility of defining phonetic invariance
at the articulatory, acoustic or auditory
levels pf the speech signal. However, as we
broaden the scope of our review, we find that
attempts to define phonetic invariance in
terms of absolute physical constancies tend
to lose ground to theories that recognize
signal variability as an egsentially
systematic and adaptive consequence of the
informational mutuality of natural speaker-
listener interactions. We reach this
conclusion not only by examining experimental
data on on-line speech processes but also by
analyzing typological evidence on how the
phonetic structure of consonant systems
varies with inventory size in a lawful
manner.

INTRODUCTION
Traditionally the problem of invariance
in phonetics can be said to be that of
proposing physical deacriptions of linguistic
entities that have the characteristic of
remaining invariant across the large range of
contexts that the communicatively successful
real-life speech acts present to us.

Many of us share the conviction that
taking steps towards the solution of this
problem will be crucial if we are to acquire
a deeper theoretical understanding of the
behavior ot speakers and listeners as well as
develop more advanced systems for speech-
based man-machine communication
(Perkell&Klatt 19864).

The present paper will
address some of the

attempt to
questions that we

typically encounter in the search for
invariance. We shall do o0 by summarizing
research undertaken mostly in our own

laboratory in Stockholm. Although thus
deliberately limiting the scope of our review
we hope that the issues raised will
nevertheless be of sufficient interest ¢to
stimulate general discussion.

I8 PHONETIC INVARIANCE ARTICULATORY?

A few decades ago phoneticians began to
interpret phonetic events by comparing
articulators to highly damped oscillatory

Pi 3.1.1
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systems. More recently, such models have
acquired an important role within the
framework of action theory (Kelso, Saltzman
and Tuller 1984). In the sixties it was hoped
that a 1ot of the variability that speech

signals typically exhibit - e g reductions
and vowel-consonant coarticulation (Bhman
1967) - could be explained in terms of the

spatial and temporal overlap of adjacent
*motor commands” (MacNeilage 1970).
Articulatory movements were seen as sluggish
responses to an underlying forcing function
which was assumed to change, usually in a
step-wise fashion, at the initiation of every
new phoneme (Henke 1966). Owing to variations
in say stress or speaking tempo, different
contexts would give rise to differences in
timing for a given sequence of phoneme
commands. Articulatory and acoustic goals
would not always be reached, the so-called
‘undershoot’® phenomenon (Stevens and House
1963). But since such undershoot appeared to
be lawfully related to the duration and
context of the gestures (Lindblom 1963), the
underlying articulatory *targets® of any
given phoneme -~ 'die Lautabsicht® - would
nevertheless, it was maintained, remain
invariant. Accordingly, at that time it
seemed possible to argue that phonetic
invariance might be articulatory.
Duration-dependent undershoot still
seems to to be a phonetically valid notion
for biomechanical reasons. But it is clearly
not as 1inevitable a phenomenon as was first
thought. Current experimental information
indicates that in fast speech articulatory
and acoustic goals can be attained despite
short segment durations (cf Engstrand 1987,
Gay 1978, Kuehn and Moll 1976). Furthermore
undershoot has been observed in unstressed
Swedish vowels that exhibit long durations
owing to ‘’+final lengthening’ {Nord 1986).
Such deviations from simple duration-
dependence appear to highlight the
reorganizational abilities of the speech
production system. One way of resolving the
problem posed by these somewhat contradictory
results might be obtained if it were shown
that when instructed to speak fast,subjects
have a tendency to “overarticulate®, thus
avoiding undershoot to some extent, whereas
when destressing they are more prone to
*underarticulate” (cf discussion below of
hypo- and hyper-speech). The demonstration of
language-specific patterns of vowel reduction




tcf Delattre’s 1949 discussion of English,
French, German and Spanish) becomes
particularly relevant in the context of
addressing such questions.

In summary, the original observations of
'undershoot’ carried the implication that the
invariant correlates of linguistic units were
to be found, not in the speech wave nor at an
auditory level, but upstream from the level
of articulatory movement. Phonetic invariance
was accordingly associated with the constancy
of underlying “"spatial articulatory targets*®
(for reviews of the target concept see e g
MacNeilage 1970, 1980). However, subsequent
experimentation - some of which we already
hinted at above - has revealed that the
notion of segmental target must be given a
much more complex interpretation.

This conclusion is reinforced
particularly strongly by studies of
compensatory articulation. Let us summarize
some results from an experiment using the so-
called "bite-block"® paradigm (Lindblom,
Lubker, Lyberg, Branderud, Holmgren in
press). Native Swedish speakers were asked to
pronounce monosyllables and bi- and
trisyllabic words under two conditions:
normally and with a large bite-block between
their teeth. They were instructed to try to
produce the bite~block utterances with the
same rhythm and stress - pattern as the
corresponding normal items. Real Swedish
words as well as “reiterant® nonsense forms
were used: To exemplify, one of the metric
patterns was: - '=- = . This pattern would
occur in the lists as *begabba"” and
/ba’babiab/. Measurements were made of the
duration of the consonant and vowel segments
of the normal and the bite-block versions of
the reiterant speech samples. The question
was thus whether subjects would be able
achieve the bilabjal closure +for the /b/
segments in spite of the abnormally low and
fixed jaw position and whether they would be
able to do so reproducing the normal
durational patterns.

We found that the timing in ¢the bite-~
block words deviated systematically but very
little from the normal patterns and concluded
that our subjects were indeed capable of
compensating. To explain the results we
suggested that a representation of the
“desired end-product® - the metric pattern ot
the word - must be available in some form to
the the subjects’ speech motor systems and
that the successful compensations implied a
reorganization of articulatory gestures that
must have been controlled by such an output-
oriented target representation. These results
are in agreement with those reported earlier
by Netsell, Kent and Abbs (1978). Moreover,
they are completely analogous to the previous
demonstrations that nafve speakers are
capable of producing isolated vowels whose
formant patterns are normal at the first
glottal pulse in spite of an unnatural jaw
opening imposed by the use of a "bite-block*

.dynamical organization."

(Lindblom, tubker and Gay 1979, Gay, Lindblom
and Lubker 1981).

These results bear on the recent
discussion of speech timing as
*intrinsically® or 'extrinsically'
controlled. Proponents of action theory
(Fowler, Rubin, Remez and Turvey 1980)
approach the physics of the speech motor
system from a dynamical perspective with a
view to reanalyzing many of the traditional
notions that now require explicit
representation in extant speech production
models such as ’+feedback loop’, 'target' etc.
Their writings convey the expectation that
many aspects of the traditional *"translation
models® will simply fall out as consequences
of the dynamic properties intrinsic to the
speech motor system. In the terminology of
Kelso, Saltzman and Tuller (1984, 55) " erey
both time and timing are deemed to be
intrinsic consequences of the system’s
Methodologically,
action theory 1is commendable since, being
committed to interpreting phonetic phenomena
as fortutitous (intrinsic) consequences
rather than as controlled (extrinsic) aspects
of a speaker’s articulatory behavior, it
guarantees a maximally thorough examination
of speech production processes. However, it
is difficult to see how, applying the action
theoretic framework to the data on
compensatory timing just reviewed, we could
possibly avoid postulating some sort of
“temporal target® representation which is (i)
extrinsic to the particular structures
executing the gestures and which is (ii)
responsible for extrinsically tuning their
dynamics. Speech production is a highly
versatile process and sometimes appears
strongly listener-oriented.

The plasticity of the speech motor
system is further illustrated by an
experiment recently done by Schulman
(forthcoming) invoking a "natural bite-block®
situation. This condition is provided by loud
speech in which a more open mandible tends to
be used than in normally spoken syllables.

Whether rounded or not the vowels of
loud test words produced by Schulman’'s
talkers were +found to exhibit almost three
times as large jaw openings as  the
corresponding segments in the normal words.
In the context of compensatory articulation
two observations call for special comments.
Why dao not speakers compensate for the
greater jaw opening in the loud vowels the
way they do in the bite-block experiments?
Schulman shows that they do not since the
fundamental frequency and tas predicted by
articulatory-acoustic nomograms) the +first
formant of the 1loud vowels are shifted
upwards by about one Bark whereas the other
formants  do not undergo comparable
modification. (Below we shall relate the Fl
and FO shift to the results of a perceptual
experiment).

The other +$inding of interest is the
fact that loud vowel durations increase
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whereas loud consonant durations tend to
decrease (cf Fonagy and Fonagy 196&6). What

does that result mean? The normal-loud vowel
duration differences look suspiciously
similar to the durational differences between
normal open and close vowels which have been
observed for many languages (Lehiste 1970).
Finding that the duration of the EMG recorded
from the anterior belly of the digastric
correlated with both mandibular displacement
and vowel duration Westbury and Keating
(1980) suggest ¢that this temporal variation
among vowels, although non-distinctive, must
be s=een as present in the neuromuscular
signals controlling their articulation. An
alternative interpretation would be to regard
the differences as automatic consequences of
an interaction between an invariant
underlying "vowel duration command” and
articulatory inertia (cf Keating 1983 +for
further discussion). In (Lindblom 1967) we
reported some evidence in favor of the latter
interpretation, the "extent of movement
hypothesis® (Fischer-Jdrgensen 1964). We also
found that the durational consequences of
more extensive articulatory gestures were
sometimes actively counteracted.

The gquestion whether the open-close
vowel duration difference is an intrinsic or
extrinsic phonetic phenomenon is accordingly
somewhat controversial. Schulman’s findings
bear on the problem. He constructed a model
of loud speech based on the observation that
loud movements appear to be *"exaggerated®
versions of the normal movements. Assuming

that the lips and the jaw are linear
mechanical systems and that loud differs from
normal speech solely in terms of the

amplitudes of the wunderlying excitatian
forces he performed a linear scaling of all
articulatory parameters recorded for normal
syllables (vertical displacements of upper
and lower 1lips and jaw) and combined the
sctaled curves s0 as to derive the vertical
separation of the lips - the parameter that
determines the open-closed state of the mouth
opening. By using the value of this parameter
at opening and closing in the normal
syllables as his criterion he was then able
to predict the durations of vowel and
consonant segments for loud speech. He found
that linear scaling eliminated stap closures
entirely or produced much too long vowels.

The implication of this result is that
it clearly attributes the durational
differences to a superposition effect, that
is the interaction arising from the
superposition of the 1ip and the Jaw
movements. Schulman concludes that, unless
the effect of opening and closing of the jaw
had been actively counteracted, loud and
naormal vowel durations would have differed
even more than they actually did.

Let us remark in the present context
that, while it appears reasonable to suggest,
as do Westbury and Keating, that the acoustic
vowel duration differences are probably
reflected at a level of neuromuscular

control, there is also evidence indicating
that the function of neural control signals

may be a compensatory rather than a positive
one, that is a function opposite to that
suggested by Westbury and Keating.

The preliminary implication of all work
touching the theme of compensatory
articulation appears to be that - whether we
use “target® with reference to segmental
attributes, segment durations or patterns of
speech rhythm - the term is better defined,
not in terms of any simple articulatory
invariants, but with respect to the acoustic
output that the talker wants to achieve. If
phonetic invariance is not articulatory could
it be acoustic then?

IS PHONETIC INVARIANCE ACOUSTIC?

The suggestion that the speech signal
contains absolute physical invariants
corresponding to phonetic segments and
features has received a lot of attention
thanks to the work by Stevens and Blumstein
(Stevens and Blumstein 1978, 19813 Blumstein
and Stevens 1979, 1981). The idea has been
favorably received by many, for instance
Fowler in her attempts to apply the
perspective of direct perception to speech
(Fowler 1986).

Others have been provoked to emphasize
the inadequacy of the non-dynamic nature of
the Stevens template notion (Kewley-Port
1983) and the substantial context-dependence
that the stop consonants of various languages
typically display even in samples of
carefully enunciated speech (Ohman 196&).

Recent work by Krull and Lacerda in our
Stockholm laboratory uses the method of
quantifying the extent of consanant-vowel
coarticulation in the form of linear "locus
equations”. These relationships are obtained
by plotting formant frequencies at CVz- and
ViC-boundaries as a function of the formants
for Va and V;: respectively. Acoustic theory
indicates that for the consonant-vowel
combinations in question near-1inear
relationships should be expected. Such
diagrams show clearly that, although a
“locus® pattern can exhibit considerable
variation, it is predictable from information
on stop consonant identity and adjacent vowel
context. Here coarticulation stands out as
the salient fact and the lack rather than the
presence of absolute acoustic {nvariance
tends to be reinforced.

Incidentally, let us note that, if (it
exists, acoustic invariance {is a strange
notion since talkers can only monitor it
through their senses and listeners can only
access it through their hearing system. Why
should sensory and auditory transduction be
assumed to have a transfer functicn of one
imposing no transformation? Is it the case
that what peocple really mean when they talk
about acoustic invariance is in fact
*auditory® invariance? Let us ook at w=some
psycho-acoustic results.
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IS PHONETIC INVARIANCE AUDITORY?
We menticned earlier a perceptual result

that offers a rather curious parallel to
Schulman's $indings. It is the "Traunmaller
effect® which is a demonstration of the
transforms required to preserve the
perceptual constancy of vowel quality under
changes in (i) vocal effort and (ii) vocal
tract size. 1t is also somewhat reminscent of
the findings on FO-Fi {interrelationships in
soprano vowels (Sundberg 1973).

Eftort and vocal tract variations can be
dramatically {llustrated by synthetically
modi¢ying a naturally spoken /i/. When all
tormants and FO are shifted equally along a
Bark scale an /i/-1ike vowel is perceived but
the voice changes from an adult's to a
child's. When both F1 and FO are varied in
such & way that F1-FO is kept constant on a
Bark scale - and the upper formant complex is
left unchanged - an /i/-11ke vowel is
perceived. This s remarkable in view of the
$act that F1 reaches a value more typical of
a low-pitched /%/. One's impression is that
the speaker remains the same but that she
*shouts”, :

Note the parallel between Schulman’s and
Traunméiler’'s results. Are the findings
causally related? Do we explain the lack of
formant compensation in loud speech in terms
of the Traunméller effect? Or do we account
for the vowel guality results in terms of the
"Schulman® effect?

O+ importance for the present discussion
is the +fact that behavioral constancies have
been demonstrated and that they imply that at
least in this case phonetic invarfance must
be defined at a level of auditory
representation.

Let us return for & moment to the
alleged invariance of the release spectra of
stop consonants. Diana Krull collected
perceptual responses from Swedish listeners
to burst fragments obtained from V.C:Va words
(Krull 1987)., One hundred test words were
generated by constructing all possible
combinations of V, or Va = short /i ¢ a o u/
with C¢ = /b: d; rd: g:/. Confusion matrices
for the burst stimuli demonstrate the drastic
coarticulation effects. By and large,
listener responses can be accounted for in
terms o0f the acoustic properties of the
stimuli. This is shown 1in her attempts to
predict the confusions from auditorily based
"perceptual distance” computations.

A related study has been carried out by
Lacerda (1986). We can characterize one part
of his research as variations on the theme
struck by Flanagan in his early *ditference
limen* experiments an vawel formant
frequencies (Flanagan 1983). Lacerda's
question was: How well can listeners
discriminate four-formant stimuli that differ
sclely in terms aof the frequency of F2. His
work permits us to compare a psycho-acoustic
task: the discrimination of F2 in brief tone
bursts with +ormant patterns static - with a

*speech task®": the discrimination of the
onset of F2-transitions in /da/-stimuli,

The results indicate that the subjects’
ability to discriminats on the psycho-
acoustic task is in close agreement with
Flanagan's findings whereas their performance
on the /da/-stimuli is drastically impaired,
One interpretation is that the discrimination
change is related to the fact that intra-
category discrimination is considerably worse
than inter-category discrimination (Liberman,
Harris, Hoffman and Oriffith 1937),

With reference to the invariance {ssue
it is important to note the <following.
Krull’'s results on stop perception indicate
that the coarticulatory spectral variability
of the stop releases is rather accurately
reflected in the confusions that her
listeners made 0f such briet sounds. This is
$ully compatible with Lacerda's results on
tone bursts. Note that in Lacerda’s speech-
task test however, the variability does not
seem to be as faithfully mirrored in the
listeners' percepts for apparently they treat
stimuli easily discriminable in psycho-
acoustic tests as "the same®. Whether it is
the listener invoking the "speech mode" or it
is the interaction of the dynamic stimulus
properties and speech-independent auditory
processing is an issue atill worth
addressing. However, our main point is thisi
The invariance that we discern in these
$indings is not acoustic. 1t clearly
presupposes auditory processing.

IMPLICATIONS OF SPEAKING STYLE: THE HYPER-
HYPO DIMENSION

Everyday experience indicates that
speaking is a highly flexible process. We are
capable of varying our style of speech from
fast to slow, moft to loud, casual to clear,
intimate to public. We speak in different
ways when talking ta foreigners, bables,
computers and hard of hearing persons. And we
change our pronunciation as a function of the
social rules that govern speaker-listener
interactions (Labov 1972).

Above we considered principally three
types of phonetic invariance: articulatory,
acoustic and auditory invariance. What are
the implications of variations 1in speakins
style for the invariance issue? For tht
purpose of our discussion let us give
phonetic invariance a strong j1iteral
interpretation which is rather extreme but
nevertheless not too far from working
hypotheses explored previously by various
inventigators: *All the information is in the
signal, particularly 4n its dynamics*. For
such a view of invariance to be correct - let
us call it the strong version of absolute
physical invariance - the +following must bf
true: Talkers vary their speaking style and
thereby contribute to increasing the
variability of the speech wave but 7
utterances that are intelligible 1inguistic
units will always exhibit a core of invariant
physical  information that will  remaif
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undestroyed so as to be successfully umed by
a listener.

We recently undertook a literature
survey+ {n order to systematize the types of
speech materials that have been used in
acoustic phonetic studies published during
the past ten years in J Acoust Soc Am, J o+
Phonetics, Language and Speech, and
Phonetica. A total of over 700 articles were
selected as preliminarily relevant. We ended
up choosing 216 as meeting our criterion of
*descriptive study of speech based on
quantitative acoustic phonetic measurements®.

Ot special interest to us was to
ascertain the relative proportions of studies
investigating ‘self~generated” speech
(including @ g9 spontanecus conversation) on
the one hand and speech samples chosen by the
experimenter (¢ 9 1ist readings, nonsense
words etc) on the other. Not surprisingly, we
found that the majority of studies, over 90%,
use experimenter-controlled speech samples.
The reason is clear,. A satisfactory
experimental design presupposes good control
of the variables involved. This is less of a
problem if the experimenter determines the
test items but for “real speech®" with its
immense number of variables there (s no
established methodology that will guarantee
such control. So rather than drown i{n an
ocean o0f “"unknown factors® our strategy tends
naturally to become one of resorting to
*given® test materials and read speaking
mades.

One Way of justifying this widely used
procedure is to argue that +first we will
solve the problem of phonetic invariance in
"lab speech®”, Then we will get to work on
“natural speech®. Another outlook might be to
suggest that, although we lack the
supplementary methodology required by
“ecological” speech, the excessive use of
“lab speech” introduces an undesirable bias
in our data bases as well as in our
theoretical intuitions about invariance and
other key issues - a bias that might make us
underestimate the problem o+ speech
variability in spite of the fact that it is
readily acknowledged by all workers in the
field and has already, it would appear, been
rather massively documented. Consequently the
situation ought to be balanced.

We have recently been persuaded by the
latter point of view and are currently
recording (1) "self-generated speech®
produced under natural conditions and (2)
parallel “citation +¢orm* speech based on the
syllables, words and phrases that occur |{in
the spontaneous materials. Data are currently
being collected by Rolf Lindgren, Diana Krull
and myself using this two-pronged approach
involving comparisons of reference

+1 am indebted to Diana Krull for doing the
preliminary selections and to Natasha Beery
of the Phonology Laboratory, University of
California, Berkeley for the statistical
analyses,

pronunciations (“citation form® speech) with
samples of ‘“self-generated speech". A few
preliminary observations can be made that
bear on the present discussion (cf also
Lindblom and Lindgren 1983).

The reductions that we have found ({n
spontaneous speech - and often escape the
trained phonetic ear even aftter
spectrographic evidence has been examined -
are sometimes drastic. Speaking style has
marked effects on the acoustic patterns of
words. The vowel space shrinks in casual
style and is expanded in "hyperspeech” modes.
The diphthongization of tense Swedish vowels
is enhanced and is particularly apparent in
tlear speech. Contrast in VOT ¢or voiced and
voiceless stops increases and decreases as we
compare hyper- and hypo-forms respectively.
Locus equations show a smaller slope (=less
vowel-dependence) for citation form
pronunciations than for spontaneous speech
which we interpret to i{ndicate that vowel-
consonant coarticulation is counteracted in
hyperspeech (more invariance) but tolerated
in hypospeech (less invariance). Although
preliminary the observations wade so far
suggest that the prospects for any strong
version of absolute physical invariance to be
substantiated seem most unfavorable.

SPEECH UNDERSTANDING: {IN) DEPENDENCE OF
SIONAL INFORMATION

At the Department of Romance iLanguages
at Stockholm University a test is used to
measure how proficient native Swedish
students are in understanding spoken French
in which the task of the students is to
listen to triads of stimuli consisting of two
{identical sentences and one minimally
different and to indicate the odd case.

Montre leur ce chapeau s'il te plaft
Montre leur ce chapeau s°'il te plaft
Montre leur ces chapeaux s'il te plaft

Native speakers ot French have no
problems of course with such sentences
whereas Swedish 1listeners knowing no French
have a 1ot of trouble, However, when the key
information -~ e g the ce/ce/ces triad - is
presented as fragments gated from the
original sentences the performance of the
Swedish subjects improves radically (Dufberg
and Steoak forthcoming).

This test can serve to remind us that
perception is a product of two things!?
signal-dependent and signal-independent
information. While I am perfectly capable of
discriminating the French miniwmal contrasts
as auditory patterns I would quickly lose
those patterns in a sentence context unless I
have a sufficiently good command of French -~
that is access to signal-independent
‘knowledge’ whose interaction with the signal
is a part of forming of the final percept.

The speech literature is full of
experimental data indicating that processes
not primarily driven by the signal play an
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important role in the perception of speech.
There will not be time to do justice to all
the research bearing on this issue. Let ne
just recall some well-knawn paradigms:
Perception of speech in the presence o
various disturbances (noise and distortion).
The improvement of identification as the
signal gets linguistically richer (Miller,
Heise and Lichten, Pollack and Pickett 1944
and by Miller&Isard). Detection of deliberate
mispronunciations (Cole 1973). Word frequency
effects (Howes, Savin). Restoration (Warren
1970, Ohala and Feder 19868) . Phoneme
manitoring (Foss&Blank). word recognition
$rom word fragments (Grosjean 1980, Nooteboom
1981). Fluent restorations in shadowing
mispronunciations (Marslen-Wilson and Welsh
1978). Verbal transformations (Warren).
Intelligibility of lip-reading +¢from video-
recordings supplemented by "hummed speech® -
an audio signal processed to contain
primarily rhythm and intonation cues (Risberg
1979), Inferences from historical sound
changes (Chala 1981).

CONCEPTUALIZING SPEAKER-LISTENER INTERACTIONS

Cur review of experimental evidence
bearing on the invariance issue has been
selective but should nevertheless provide a
rough indication o©f a panoply of alternative
positions and their respective pro’s and
con’'s. We have considered the suggestion that
the ({nvarjance of phonetic segments be
defined: (i) at an articulatory level (e g
the “"spatial target® hypothesis)| (iil) at an
acoustic level (e 9 spectral properties of
stops)s (i11) at an auditory level (e g
perceptual constancy of vowel quality)., Which
of these alternatives should we put our money
on?

When pursued experimentally
articulatory, acoustic or auditory
definitions of invariance have the

methodological virtue of encouraging a
maximally thorough search at these particular
levels. But in seeking a broader theoretical
understanding of speech communication we
would stand 1little to gain ¢rom spending
effort on choosing between levels. Such an
appoach misreads the evidence which, when
viewed in a broader perspective, strongly
points to the conclusion that: The invariance
problem is not a phonetic issue at all for
ultimately invariance can be defined only at
the level of listener comprehension.

We can convince ourselves of the
correctness of that point by considering the
following phrase 1in English: /lesnsevn/. We
can hear this utterance either as LESS THAN
S8EVEN, or ams LESSON SEVEN. In the appropriate
contexts (say "How many are coming®, and
"What is our topic to-day?"') the listener
will not be aware of any ambiguity. At which
phonetic level do we +find the physical
correlates of the initial segments of the
word "than®? Needless to say there ME no such
correlates in this particular case. The
conclusion seems inescapable: We should not

put our money ©Onh any of the above
alternatives. We must seek & more general
theory.

The experimental data on production

indicates that the behavior of the speech
motor system im shaped primarily by two
forces - plasticity (listener-oriented
reorganization) and economy (talker-oriented
simplification) - which interact on a short-
term basis mso as to generate signals that may
be *"rich or poor® in explicit physical
information.

The evidence on perception has
identified two major sources of information:
signal-dependent and signal-independent

processes and suggests that on a short-term
basis percepts arise from the latter (i e
"context™) modulating the former in an
analogously “"rich or poor®* manner.

One possible way of schematizing the
logical possibilitites of these conceptual
simplifications is shown in the diagram of
the enclosed +figure. This is not a very
rigorous scheme but seems useful, at least
pedagogically, in contrasting some of the
ideas currently entertained in phonetics (cf
J of Phonetics, January issue 1986).

This graph states that for speech to be
intelligible the sum of explicit physical
information and signal-independent
information must be above a threshold, that
is the 135 degree line. In the ideal case
this sum equals a constant the x- and Yy-
values of specific speech samples falling
right on that line. Points above the 1ine are
associated with what might be termed "over-
clear"® speech, points below it with
"unintelligible® mpeech.

MUTUALITY OF SPEAKER-
LISTENER INTERACTION

RICH B

SIGNAL-INDEPENDENT
INFORMATION

POOR

POOR RICH

SIGNAL-DEPENDENT
INFORMATION
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1t appears reasonable to assume that in
the real-life situations utterances can vary
tremendously with respect to how socially and
communicatively successful they prove to be.
For our present purposes let us focus on
speech samples from hypothetically successful
real-life speaker-listener interactions and
assume that they produce data paints
clustering near and above tgo slant line.
What would such a result imply? It would mean
that there is a compliementary relation
between the amounts of information
contributed by =wmignal attributes on the one
hand and *context” on the other. When
speakers come close to the slant line it
would indicate +first of all that they are
capable of varying their speech output in a
plastic way (c+ evidence on hypo-hyper-speech
modes and other instances of reorganization
ot speech motor control) and secondly that,
while perhaps not being perfect ’mind-
readers’, they are at least capable of
adapting their speech on-line to the short-
term fluctuations in the listener’'s access to
"context® or signal-independent {information
(cf experimental documentation of numerous
cases showing that listeners are in fact
capable of successfully coping with highly
context-dependent reduced and coarticulated
speech stimuli). The possibility of such
complementarity in real speech emerges also

. from some recent measurements reported by

Hunnicutt (1983) as well as from Lieberman's
1963 study.

I+ we hypothesize that this strategy -
let us call {t the STRATEGY OF ADAPTIVE
VARIABILITY -~ comes near the way real
speakers actually behave when they are
communicatively successful, we obtain a
natural way of resclving some oOf the
paradoxes that surround the invariance issue.
For it follows that intra-speaker phonetic
variation - a&long a hyper~hypo-continuum as
well as along other dimensions -~ (s the
characteristic that we should expect the
units of ecological speech to exhibit - rnot
absolute physical invariance.

The proposed way of thinking about the
issue does not, of course, rule out finding
physical speech sound invariance in
restricted domains of observation but it does
explain why our quest for &a general concept
of¢ phonetic invariance has been largely
unsuccessful. And, in a pessimistic vein, 1t
predicts in +fact that it will continue to be
[T-18

Cur reasoning leads us back to a
conclusion already drawn by MacNeilage in his
1970 review of the invariance issue:!

“sesthe essence of the speech
production process is not an
inefficient response tao invariant
central signals, but an elegantly
controlled variability of response
to the demand +for a relatively
constant end (p i84)".

I+, as suggested here, we take the
"relatively constant end” to be defined
neither articulatorily, acoustically nor
auditorily but specified only with reference
to "the level! of listener comprehension®
MacNejlage's formulation still captures the
"essence of the speech production process®
satisfactorily.

Let us pause to reflect on some of the
implications of the two theories contrasted
in our discussion! Absolute Physical
Invariance versus Adaptive Variability. The
former, 14 proved correct, would transform
what currently looks like instances of
massive variability into artefacts. For this
theory says in fact that there simply IS8 NO
variability of 1linguistic units} There seems
to be but that is merely a result of our
presently inadequate conceptual and
experimental tools. Further note that i+ we
push the notion of absolute constancy to its
extreme another implication can be noted,
namely that the transmission of information
by speech - an undeniably biological process
- is basically non-adaptive.

The Theory of Adaptive Variability, on
the other hand, says exactly the oapposite.
This is a thepory for which 1t is easier to
find support within the general study of the
biology of motor control and perception. It
is precisely by emphasizing the adaptive
nature of speech processes that we obtain a
principled way of investigating phonetic
variation and its origin.

ON-LINE PROCESSES IN THE LIGHT OF TYPOLOGICAL
EVIDENCE ON CONSONANT SYSTEMS

Some time ago Nooteboom did an
experiment on word retrieval and was able to
show that listeners perform better if
presented with the first halves of words than
on the corresponding second-half fragments
(Nooteboom 1981). For an explanation he
suggested that, since word recaognition is a
real-time lett-to-right process, word
beginnings are less predictable than word
endings., Consequently left-to-right context
can be much more easily used than right-to-
left context.

He concluded his paper by raising the
question whether this asymmetry - that he
takes to be a universal feature of the
perceptual processing of any language - might
have left its imprint on how lexical
information is organized in the languages of
the world. He predicted (p 422) that: *"(1) in
the initial position there will be a greater
variety of different phonemes and phoneme
combinations than in word final position, and
(2) word initial phonemes will suffer less
than word final phaonemes +from assimilation
and coarticulation rules.”

One basic assumption is that variations
in perceptual predictability correlate with
signal “"distinctiveness”. Hence "the greater
variety of different phonemes &and phoneme
combinations” in the initial as compared with
the ¢inal! position of words. Restating the
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idea we can say that a larger paradigm goes
with a RICHER signal {nventory. The other
side of the coin is of course that a smaller
paradigm - such as that attributed to word
endings - goes with a POORER signal
inventory. In suggesting that the presence of
assimilation and coarticulation should vary
inversely with the need for keeping items
distinct Nootebaom tacitly +formulates a
hypothesis that comes close to the theory of
Adaptive Variability described here. Note
that the theory Absolute Physical Invariance
does notoffer us any basis at all for making
predictions about a possible interplay
between language structure and on-line
processing. Why? As stated earlier according
to that theory there Is no phonetic
variation, there only sesems to be, The idea
of language structure adapting to the on-line
constraints of speaking and listening only
becomes a possibility once we recognize the
existence and systematic nature of phonetic
variation. Only #$rom that point of departure
will we be able to address the question of
what feeds the processes of phonological
innovation.

We shall not be in a position to present
the typological data needed to test
Nooteboom's hypothesis. However, we shall
conclude our paper by presenting some other
data that do bear on it and strongly
encourage further examination of the
underlying ideas.

In collaboration with lan Maddieson we
recently undertook an analysis of the
consonant inventories ot 317 languages,
carefully selected so as to constitute a
reascnable sample o0f the "languages of the
world®, Our corpus was that of UPSID, the
UCLA Phonetic Segment Inventory Database
(Maddieson 1984). The data consists of lists
of systems whose elements (allophones of
major phonemes) are wspecified in phonetic
transcription.

Inventory sizes range ¢rom 6 to 93
consonants per system, The mwaterials lend
themselves to testing a paraphrase of
Nooteboom's hypothesis: Is the phonetic
structure of consonant systems independent of
their size? Or is it systematically related
to that dimension? I¢ there is a systematic
size-dependence what is {t?

There is neither time nor space to give
the details of the analysis. They will be
published elsewhere (Lindblom, MacNeilage and
Studdert-Kennedy} Lindblom and Maddieson
farthcoming). Fortunately, Nooteboom's
perspective provides us with a way of
summarizing the main findings.

It turns out that small paradigms
statistically +avor segments with both
phonatory and articulatory properties that
can be classified as basic or elementary.
Medium-sized paradigms tend to include
consonants invoking more elaborated gestures
in addition to a core of basic elements. The
largest systems use both these types but also
combinations of elaborated gestures that we

labe!l complex articulations. To exemplify,
plain /p t k/ are classfied as “basic"
articulations whereas ejective /p? t3 |V, pp
aspirated /p™~ tr k"/ {invoke “"elaborated®
mechanisms., A segment such as /{"7 s
“complex* since it wshows more than one
elaboration: both of place (retroflexion) and
source features (aspiration). Logically a
six-consonant system could use the ejective
set for its stop series, Small systems never
do in our material whereas medium-sized and
large systems do. Moreover, the ‘“complex®,
multiply elaborated segments are most
¢requent {n the large inventaories. The basic
rule is that a less simple consonant tends
not to be recruited without the presence of
parallel more simple ("basic” or
‘elaborated") series (cf the notion of

*implicational hierarchy’ of traditional
terminoclogy). The claim we make is
accordingly that we see & positive

correlation between paradigm size and the
number of elements that a sound pattern
selects from a dimension of “articulatory
complexity"”.

The validity of our analysis naturally
hinges on the success with which we can give
non~-circular, independently motivated
definitions of *articulatory complexity®.
When it comes to the details of the analysis
that praoblem is a topic for future
quantitative phonetic theory. For the moment
we believe that the major trends are rather
9rosl etfects that can be convincingly
demonstrated by the force of the examples.
They permit us to make the following
generalization: Small consonant paradigms
invoke 'unmarked® phonetics, large paradigms
'marked®’ phonetics., That is of course exactly
what Nooteboom's hypothesis predicts and it
takes & few steps towards an explanation $or
why seven-consonant systems do not Show
inventories like the following (Ohala 1960):

[ cr k’ 'tS }’ m v 1 ]

We take the present typological data on
conscnant systems as providing strong
evidence in favor of (a) language structure
evolving as an adaptation to the constraints
0of the on-line processes of speaker-listensr
interaction] and for (b) the correctness of &
theory of Adaptive Variability as an account
of those processes.
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STRESS - PRESSURE CHANGES OR LARYNGEAL

ACTIVITY?
Ilkka Raimo Olli Aaltonen Erkki Vilkman
Dept. of Phonetics Dept. of Phonetics Phoniatric Dept.
University of Turku University of Turku Tampere University
SF-20500 Turku Central Hospital
FINLAND
ABSTRACT and the periodic voice replaced by aperiodic noise.

We have investigated the physiological

background of sentence stress production in normal
and whispered Finnish, and in simulated sentences
produced with excised human larynges. In normal

phonation the EMG activity of the cricothyroid muscle
and subglottal pressure (esophageal pressure)
registered from two subjects showed a clear association
with stress. In whisper the contribution of the
cricothyroid muscle was negligible. The same sentence
used with the living subjects was simulated by means of
excised larynges. The contours could be obtained either
by changing subglottal pressure only or by laryngeal
adjustments only. All in all, it seems that sentence
stress is not produced by any single factor but by
complex interactions of physiological subsystems.

INTRODUCTION

The change in fundamental frequency is
generally assumed to signal to a listener the word
which has been emphasized by the speaker [1].
However, there are different views about the
physiological mechanisms underlying these
fundamental frequency variations. Miiller [2] observed
that a change in fundamental frequency can be
brought about by a change in subglottal air pressure
or by a change in the tension of the vocal folds. This
basic distinction has been widely studied with a variety
of experiments, and evidence supporting one or the
other has been presented.

The essential role of the cricothyroid muscle and
rotation in cricothyroid articulation in fundamental
frequency (F0) regulation is well accepted (see [3] for a
review). EMG studies have shown that the activity of
the cricothyroid muscle correlates with fundamental
frequency peaks also in sentences (e.g. [4,5,6]).
Ladefoged [7] has stated that an increase in the flow of
air out the lungs results an increase in fundamental
frequency signalling stress. However, the subglottal
pressure has been rather ineffective in fundamental
frequency regulation. Such ratios as 2-5 Hz/cmH,O has

been reported in chest register {8,9]. Monsen et al. [10]
have concluded that both mechanisms are involved in
the production of stress, and it may be that different
languages make use of these two controlling
mechanisms in a different manner.

The purpose of the present study was to study the
effects of the laryngeal and subglottal’ mechanisms on
the fundamental frequency variations connected with
sentence - stress in Finnish. In Experiment I we studied
the EMG activity of two intrinsic laryngeal muscles and
esophageal pressure. The measurements were made in
two different conditions: in normal phonation and in
whisper. Vocal fold vibration is avoided in whisper,

Even with no fundamental frequency it is still possible
to identify a stressed word. In Experiment Il we used

excised human larynges to study independently the
effects of laryngeal adjustments and subglottal
pressure changes on fundamental frequency
signalling stress in sentence. The wuse of excised
larynges in voice physiological studies has a long
traditions. Within certain limits excised human
larynges have been noticed to produce vibrations

comparable to those of living subjects [2,11]. The main
limitation is that the action of the thyroarytenoid
muscle cannot be simulated.

MATERIAL AND METHODS

Two healthy, male native
participated voluntarily in the

For the acoustical analysis the speech samples
were recorded using a high-quality tape recorder
(Teac) and an acoustic microphone in normal room
acoustics. Esophageal pressure records were obtained
from an air-filled (2 ml) balloon sealed to a catheter.
The balloon was passed through the nose. The catheter
was connected to a pressure meter (Frokjaer-Jensen

speakers of Finnish
investigation.

Manophone). The signal from the meter was tape
recorded (Racal).
EMG activities were recorded from the

cricothyroid (CT) and the thyroarytenoid (VOC) muscles
for normal phonation and whisper using bipolar
hooked-wire electrodes. The percutaneous and
submucous method was applied. -

Fundamental frequency (F0) (Frékjaer-Jensen
Frequency Meter) and absolute values of intensity
(Frokjaer-Jensen Intensity Meter) as well as the
esophageal pressure were recorded on paper. The peak
value of the first, stressed syllable for each word of the
three-word test utterance was measured manually.

The EMG signals were full-wave rectified and
averaged (n=5) wusing a computer-based (Hewlett
Packard) EMG data processing program developed at
the Department of Biology of Physical Activity at the
University of Jyviskyld [12]. The line-up point for
averaging was the onset of phonation of each
utterance. The peak values of EMG activity were
measured from the averaged data for each word of the
test utterance.

The spoken material consisted of five versions of
the sentence /nalle meni ma:lle/ ("Teddy went to the
country") in which the stress was varied in the
following way: 1) no extra stress, 2) the first word
stressed,...5) all the words stressed. The subjects
repeated each version five times both for normal
speech and whisper.

See [13] for further details.
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Two normal fresh larynges taken from autopsies
of males were used.

In the dissection the extralaryngeal structures
were removed. Also the epiglottis and ventricular folds
were dissected.

The acoustical samples were tape recorded.
Electroglottographic signals were recorded using a
electroglottiograph  (Frdkjaer-Jensen EG 830) and
coin-shaped electrodes attached symmetrically to the
thyroid cartilage with a screw (c.f. [14]). The subglottal
pressure signals were obtained using a pressure meter
(Frokjaer-Jensen Manophone) connected to an outlet
in the subglottal space. The pressure signal was
tape-recorded (Racal). The air flow was monitored
visually by means of a lead pearl flow meter attached to
the air intake.

cricothyroid
articulation
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The apparatus used in Experiment II,
EGG=electroglottograph, p=pressure. See ([15] for’
further technical details.

The same sentences as in Experiment I were used
as models and the FO contours and the timing of this
sentence were simulated to produce stress patterns 1-4.

The FO contours were produced as follows: (1) by
changing manually the laryngeal adjustments only.
The flow was constant (approximately 300 ml/s). In this
case the glottis was closed and opened manually and the
intended stress was produced by rotating the thyroid
cartilage; (2) by changing the subglottal pressure by
regulating the air flow to the subglottal space. The
thyroid cartilage was fixed. The glottis was closed using
a forceps.

Perceptually the most natural (n=21) FO contours
were chosen by the authors and recorded on separate
tape. The recordings were played to a panel of naive
listeners. (n=20) whose task was to determine the
position of the stress in each sentence. On the basis of
this listening test the best complete sets (four sentence
types) of both laryngeally and pressure induced stress
patterns was formed for further analysis. The FO (F-J
Frequency Meter), intensity (F-J Intensity Meter) and
subglottal pressure curves were recorded on plotting
paper (Mingograph). The peak values of each variable
were measured from the curves. The measuring points
were the approximated site of the first stressed syllable
of each word of the simulated three word sentence.

"= E—
RESULTS — w1 es esophageal pressure used in the present study is a
i P . 4 words differed FONDAMENTAL g b grossh estlimate of trache]a:l prtlassure, then o;xr
s expected, e stresse FREQUENCY 'y esophagea pressure  pea values were only
. 3 o — . . . - -
acoustically from the non-stressed words in normal ) BN - :;:; B L occasionally higher in whisper than in normal speech.
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speech by prominent peaks in the FO and intensity
curves. In whisper stress was signalled by intensity.
FEach word purposely stressed by the speakers, was
accompanied by a peak in the intensity curve.
However, intensity did not show the same downward
slope in whisper as in normal phonation. For instance,
the last word in an utterance without any extra stress
could exhibit the highest intensity peak.

The peak values of the esophageal pressure (Poes)

were nearly equal for both normal phonation and
whisper. The most striking difference between them
was that the differences between the peak values of the
Poes for the stressed and the non-stressed words were

greater in whisper than in normal phonation. It is also
worth noting that the pressure peaks increased
towards the end of the utterances in whisper when all
the words were stressed. The correlations of the pg.q

with the acoustic variables of stress proved to be
significant for both normal speech and whisper.

The cricothyroid muscle (CT) showed a peak of
activation immediately preceding the peaks in normal
speech. The correlations of the CT activity with FO,
intensity and p,., were also significant. In whisper

the correlation of CT and intensity was
non-significant. There were recordings in which the
peaks in the CT muscle activity did not exceed the level
of rest discharge for stressed words, even though they
occasionally showed a phasal relationship with stress.
In general, the average activation pattern of the
cricothyroid muscle was lower and less variable in
whisper than in normal speech.

Contrary to CT, the thyroarytenoid muscle (VOC)
exhibited more similar stress patterns of the EMG
activity for normal phonation and whisper. However,
the two conditions differed from each other as to the
correlations of the VOC-EMG with p,.; and intensity.

The correlations between the VOC-EMG and intensity as
well as between the VOC-EMG and Poes Were lower in

whisper than in normal phonation.

The activity of the thyroarytenoid muscle also
showed interindividual differences. There was a
significant correlation between F0O .and VOC-EMG only
for one speaker. For both subjects the VOC-EMG
correlated  significantly with intensity. See [13]* for
further details.

The basic flow level in the laryngeally induced
stress was lower than for the flow-induced stress.
Cpnscquently. intensity and subglottal pressure are
higher in the latter case. Higher flow rate
(app_roximately 500 ml/s) was needed for instance for
getting an abrupt enough attack. In both cases,
ho»ycvcr, the phonation type represented chest
register phonation and also the higher pressure values
were within physiological limits (Fig. 2).
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Figure 2. An example of the FO contours produced by

an excised larynx. The last word of the simulated
sentence /nalle meni ma:lle/ has been emphasized. The
left hand panel shows curves obtained by changing
the laryngeal adjustments. The right hand panel
illustrates results of changing the flow.

The differences between the peak values of the
variables Within each s$entence for both  experimental
conditions were calculated. The changes in the
fundamental frequency are greater in laryngeal stress
than in pressure induced stress even if the subglottal
pressure changes in the latter case were somewhat
larger. The ratio of fundamental frequency and
subglottal pressure change was 63.1 Hz/kPs for
laryngeally induced stress and 26.6 Hz/kPs in the stress
induced by air-flow changes.

The listeners perceived stress quite reliably
irrespective of whether it was produced by changing
the laryngeal adjustments only or by changing
pressure only. The correlations between the peak
values of FO, intensity and subglottal pressure were
significant in both conditions. The intercorrelations
were lower for laryngeally induced stress.

DISCUSSION

The peak values of the acoustical variables, and
the cricothyroid muscle. EMG activity exhibited a
significant correlation. The thyroarytenoid muscle
showed significant correlation with FO only for one
subject. This may be partly due to individual
differences in strategies of producing stress and to
technical difficulties in obtaining EMG data free of
movement artifacts. The contribution of the
thyroarytenoid muscle in stress production in normal
speech has qualitatively been reported before (e.g. [4)).
However, based on correlation analysis of the EMG data
of one subject, Atkinson [6] stated that the
thyroarytenoid muscle plays a minor role in
controlling fundamental frequency in speech.

The minor role of the cricothyroid muscle in
whisper is supported by an X-ray study of the larynx
according to which the distance between the anterior
tips of the cricoid and the thyroid cartilage (an
estimate of the vocal fold length) was the same in
whisper as in respiration [16]. The low level of
cricothyroid activity in whisper when there is a need
for higher effort level for stress production is
comprehensible when the function of this muscle is
considered: the vocal folds are abducted by
cricothyroid muscle twitch [17].

Warren [18] observed higher intraoral pressures
in  whisper than in normal phonation. If the

Still, the peak values of the subglottal pressure in
whispered stress production are high enough to elicit
vibrations of the vocal folds in normal phonation.
Biomechanically the increased thyroarytenoid muscle
activity in whisper may cause the necessary extra
medial compression or internal stiffening needed to
hinder the vocal folds from vibrating during
whispered stress production.

The correlation of the intensity of whisper and
the EMG activity of the thyroarytenoid muscle was
positive but nonsignificant. VOC EMG maxima,
however, often appeared in the vicinity of the
whispered stressed word. The correlation of the peak
values of the esophageal pressure with the intensity of
whisper was significant. It can be assumed that the
thyroarytenoid muscle activity together with other
laryngeal muscles (e.g. the lateral cricoarytenoid) and
the actively increased subglottal pressure reflect the
extra effort needed to cause perceivable stress in
whisper. Correspondingly the low subglottal pressure
values for unstressed words, as compared to normal
phonation, may reflect low glottal resistance and
respiratory activity.

The results of the experiments with the excised
larynges are well in line with earlier findings. The
increase in glottal resistance due to cricothyroid
muscle twitch has been reported before in living
subjects [19] and with excised larynges (e.g. [15]). The
ratio of fundamental frequency and subglottal
pressure change was also in the limits of earlier
findings concerning chest voice phonation (e.g. [9]).
However, the mechanism through which the
subglottal pressure affects the fundamental frequency
is not clear. It has been set forth that even in this case
the reason would be laryngeal [20].

From the phonetic point of view the most
important result is that perceivable sentence stress can
be produced with excised larynges both by means of
laryngeal and pressure adjustments. It has been
suggested that the results of studies on voice
production should be interpreted in terms of systems
physiology because there are considerable interactions
between the contributing subcomponents (e.g. [21]).
All in all it seems that the dichotomic question: stress -
vocal fold tension or subglottal pressure? is not
justified on the basis of the present study.
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STUDIES OF GLOTTAL EXCITATION USING INVERSE. FILTERING AND AN ELECTROGLOTTOGRAPH
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Building U61, Montreal Road
Ottawa, K1A ORS, Canada

Abstract

Gilottal excitation has been studied in steady vowels produced
by three subjects, two male and one female. Electroglottograph
waveforms are shown together with simultaneous glottal airflow
waveforms and waveforms for individual formants, both derived by
interactive inverse filtering. Modal voice shows formant excitation
concentrated on the instant of closure. Falsetto voice shows a tri-
angular or sinusoidal airflow waveform. Breathy voice shows appreci-
able formant excitation both on closure and at the centre of the open
phase. Creaky voice shows appreciable excitation at the start of the
open phase as well as its end, and there is often an alternation in
spectral content of the excitation from cycle to cycle causing the rela-
tive intensities of formants to vary. In examples of extreme creak the
airflow waveforms are complex and difficult to interpret, but they are
similar to the electroglottograph waveforms.

1. Introduction

The purpose of this paper is to present the results of a study of
several modes of phonation. Glottal airflow waveforms derived by
inverse filtering are compared with a waveform indicating the area of
contact of the vocal folds. By leaving one formant uncanceled in the
inverse filtering, the excitation of individual formants is also shown.

2. Method

Subjects spoke in an anechoic chamber, and two-channel
recordings were made on a Revox A77 tape recorder of the output
from a B&K condenser microphone and a laryngograph (electroglot-
tograph) [1]. The laryngograph measures r.f. impedance across the
larynx and hence the area of contact of the vocal folds [2]. The two
signals were simultaneously digitized at 20kHz, sharply low-pass fil-
tered at 5kHz without phase distortion and downsampled to 10kHz.
Low-frequency phase distortions introduced by the recording process
were removed from both signals by an automatic method [3].

The effect on the speech signal of radiation from the lips, which
corresponds approximately to differentiation, was countered by
integrating the signal. The fittering effect of the vocal tract on the
glottal airflow was removed by interactive inverse filtering [4]. In this
process, the formants in the speech signal are canceled by an equal
number of antiresonances (typically five), whose frequencies and
bandwidths are intended to match those of the corresponding for-
mant exactly. The interactive system allows the parameters of one
antiresonance to be adjusted at a time. The frequency and bandwidth
of this antiresonance are determined by an a/d converter that fre-
quently samples the values of two adjustable potentiometers. The
speech signal filtered by the fixed and varying antiresonances is
displayed on a graphics screen (DEC VT11). When fewer than a
thousand samples are being plotted, the filter parameter update, the
filtering, and the replotting can all be carried out within 50ms, giving
the user the impression of a continuously changing display as he
tumms the knobs connected to the potentiometers. By adjusting the
antiresonance corresponding to each formant in turn, the effect of the
vocal tract can be tuned out in about one minute.

In modal voice at least, the spectrum of the glottal airflow
waveform falls off at roughly 12dB per octave. Consequently, if the

~ airflow is differentiated twice, the spectrum is flattened and the main

feature in the waveform is an impulse at the instant of glottal closure.
It is predominantly this impulse that excites the formants, which in
this representation have roughly equal amplitude. When individual
formants are shown in this paper, they are shown in a signal
corresponding to the doubly differentiated airflow (or, equivalently,
the singly differentiated speech signal).

3. Speech Material

Three speakers, two male (AF and MH) and one female (EA),
each produced examples of steady unnasalized vowels with modal,
falsetto, breathy, and creaky voice quality. Examples of several
vowels were provided, but analysis has been concentrated largely on
the schwa, since this vowel has formants that are well separated
from each other and the first formant is fairly high in frequency and
thus well separated from the fundamental frequency (F).

4. Discussion of the Validity of the Method

It is sometimes alleged that inverse filtering is a subjective pro-
cess in which the user obtains the airflow waveform he expects.
There may be some truth to the allegation as far as fine detail in the
flow is concerned, but we believe that the gross shape of the flow
waveform corresponds to the actual flow. The criterion normally said
to be used to determine the antiresonance parameters is the flatness
of the closed-glottis phase, since there is by definition no airflow dur-
ing this period. This criterion is not useful for phonation modes in
which the glottal closure is very brief. With the interactive method
used here, however, it is still possible to estimate the parameters
because a continuous range of parameters can be surveyed quickly
and it becomes evident that only one set of values results in a maxi-
mally simple airflow. If the parameters of any one antiresonance are
disturbed, the corresponding formant will appear in the waveform.

Further support for the validity of the method comes from the
following considerations. Pairs of individuals working independently
choose substantially the same sets of parameters and thus obtain
the same airflow patterns. Modal-voice airflow waveforms from two
recording sessions with the same speaker look similar. When there is
an identifiable closed-glottis phase of suitable length, covariance-
method linear predictive coding (LPC) [5] derives a very similar set of
parameters and hence the same airflow waveform as an operator
using the interactive method. In tests with synthetic speech, it is
possible to recover the known excitation waveform exactly. The
surprisingly complex airflow waveforms in the extreme creak illus-
trated in the next section show a strong similarity to their correspond-
ing laryngograph waveforms. Finally, distinguishing features of the
different phonation types are consistent across speakers.

5. Resuits

In the figures the laryngograph waveform is labeled as Ly, the
glottal airflow as Fg, the doubly differentiated flow as Fg’’, and the
n'th formant as F,. Unless otherwise indicated in the figure cap-
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tions, the vowel is a schwa and the duration of the waveforms is
20ms. The waveforms derived from the speech signal are delayed
relative to the laryngograph signal by about 0.5ms because of the
sound propagation time to the microphone.

1) Modal Voice

The waveforms for the two maile speakers (Figs 1,2) showed a
prolonged closed phase, there was a clear impulse at closure in
Fg'', and formant excitation was concentrated at this point. The
female speaker (Fig 3) showed a much shorter closed phase, Fg '’
wag more complex, but formant excitation still appeared to be con-
centrated on the instant of closure.

FG”

Fa

Fg

Ly

Fig 1. MH modal voice. Excitation at instant
animpulse in Fg'’. of closure, appearing as

et g

Wi

Lx

Fig 2. AF modal voice. Excitation concentrated though
less clearly than for MH. on closure,

Fa

FG“

ey Ty ey Ty 1

\/ L

Fig 3. EA modal voice. Fg'' not impulse-fike.

i) Falsetto

For all three speakers (Figs 4,5,6) Fgz has a triangular or
sinusoidal waveform consistent with an excitation spectrum falling off
with frequency more quickly than in modal voice. Any closed phase is
very short. Fg'’ is reminiscent of the modal voice example from the
female speaker, EA, suggesting that its form may be due to a high
F, rather than to a property of falsetto voice.

FG',
Fa2
/ W

Fig 4, MH falsetto. Fg Is triangular. Fg '’ is not impulse-like.
FG "

OV

gg.s. AF talsetto. Fg and Ly are sinusoidal. Fg'' is not impulse-
F@ ”"

Fa-

Ly

Fig 8. EA fatsetto 10ms.

) Breathy Voice

F .
@ and Ly show brief closure or partial closure. In Fg'’ the

inst
h:m“a::'t‘t of closf:fre th: less impuise-iike than in modal voice. Single-
plots two male speakers (Figs 7,8) indicate that exci
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tation is strongest at two instants: at closure and at the point of max-
imum airflow in the centre of the open phase. Excitation for the
female speaker looks more noise-like (Fig 9), though it may peak on
closure and at maximum flow.

FG”

Lx

Fig 7. MH breathy. Note excitation in the centre of the 6ben pﬁase.

—

FG”

Fig 8. AF breathy. Note excitation in the centre of the open phase.

FG”

Ly

Fig 9. EA breathy. Excitation seems noise-like.

iv) Creaky Voice and Creak

Subjects produced a range of phonation types ranging from a
creaky voice whose Fg was superficially similar in form to that for
modal voice to a full creak with a glottal cycle so long that individual
pulses are perceived rather than Fy and with Fg and Ly waveforms
that are complex and difficult to interpret. MH produced exclusively

creaky voice, EA exclusively creak, and AF examples of both
extremes as well as intermediate examples. In all cases, the
waveforms varied more from cycle to cycle than in other phonation
modes.

Creaky voice often showed alternation between two glottal
cycles, the cycles differing in their airflow waveform as well as in their
duration. In one of the two cycles there was often strong excitation-
at the point of glottal opening (Fig 10). The details of closure gen-
erally differed in the two cycles, leading to differences in the excita-
tion spectrum and hence to the relative intensities of formants. In
examples of creaky [u] from MH and AF (Figs 11,12) there were
series of cycles in which a strong F, and a weak F alternated with a
weak F, and a strong F,. Since the formant waveform from a previ-

ous exchation has not decayed to a negligible value when the next
excitation comes along, there will be an interaction between the two
waveforms that depends on their relative phases and hence on the
formant frequency. This interaction could conceivably account for the
observed weak/strong alternation. However, when a single excised
piece of flow waveform containing just one excitation event is used to
excite a resonhance corresponding to £, or F, the effect is still seen.
It seems, then, that the alternation in formant intensities really is due
to an alternation in the spectral content of the glottal airflow.

The schwa examples from AF and EA (Figs 13,14) are com-
plex, extreme creak. As noted in Section 4, the Ly and Fg
waveforms are similar. The Fg'* waveform shows periods in which
an impulse is followed by a long phase of little activity. Sets of for-
mants excited in this period show prolonged steady exponential
decays (Fig 15), which offer an opportunity of accurate formant
bandwidth determination. They seem to indicate bandwidths much
narrower than values normally assumed.

Examples of [i] and [a] vowels from AF (Figs 16,17) are of com-
plexity intermediate between the creaky [u] and the extreme creak in
the schwa. They perhaps offer a means of bridging the gap between
the two extremes and thus interpreting the extreme creak waveforms.

Sl
WMWWWW Wi

S\

Fig 10. MH creaky 40ms. Excitation on opening in alternate cycles.

F
Fa

Fa

Fig 11. MH creaky [u] 40ms. F, and F, altemate in intensity.
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S WA

/Fk//

Fig 12. AF creaky [u]. F, and F, altemate in intensity.

"

Fol

*:WNWWMNWV\MJ

Ly

—— NP
V\MV\N\/\A'AJVVV\

Fig 13. AF creak 40ms. Complex airflow parallels L.

Fs

Fig 14. EA creak 40ms. Complex airflow paraliels Ly.

FG”

i o s SM WY PN

'\/\/\/\/\/\/\/\/\
¢ / | V\/\/'\/\/\/\/\/\/\/\NWV\AM
. WW’W\AWWWWMW

Fig 15. Portion of AF creak showing damped sinusoid waveforms of
first three formants.

W\

Fig 16. AF creaky [i] 40ms..FG only.

Fs

Fg

FG”

Fig 17. AF [a] creak.

6. Discussion of Results

Justifications of LPC usually assume that excitation of voiced
speech is concentrated on the instant of glottal closure and that the
excitation waveform approximates an impulse for speech preem-
phasized at 6dB/octave. The results presented here suggest that
these assumptions may be valid only for modal voice, perhaps only
for male modal voice. Pitch-synchronous LPC [6,7], in which a
negative-going impulse in the Ly waveform is used to detect closure
and hence excitation, would be likely to encounter difficutties with
creaky or breathy phonations having excitation on opening or in the
middie of the open phase. Tests of pitch-synchronous LPC with the
speech discussed here support this expectation.

Some aigorithms for determination of F, detect excitation
points, while others detect repetitions of patterns in the waveform or,
equivalently, harmonic structure in the spectrum. These two
approaches woukd give different results from each other with breathy
or creaky phonations. Moreover, neither approach would consistently
indicate the frequency of opening and closing of the glottis.
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ABSTRACT
The activity patterns of the cricothyroid

and sternohyoid muscles in Modern Standard
Chinese tones were electromyographically
investigated in two subjects. Average
activity profiles by tone and by segmental
syllable indicate cricothyroid activity is
well correlated to Fo with a latency time
af B0-100 ms. The sternohyoid participates
both in Fo lowering and segmental artic-—
ulation, with strong activity peaks prece-
ding consonant release when the following
vowel is back and/or low.

INTRODUCTION

The present study is part of an ongoing
electromyographic (EMG) investigation <14>
of modern standard Chinese (MSC) tones. In
terms of the pitch contours which charac-
terize them, the four lexical tones of MSC
may be roughly described as: tone 1 (T1):
high level, tone 2 (T2): mid to high ri-
sing, tone 3 (T3): mid-low to low falling,
tone 4 (T4): high to low falling. for de-
tailed racoustic descriptions see
<7,10,11>. The activity patterns of two
laryngeal muscles: the Cricothyroid (CT),
the main regulator of vocal fold tension,
and the Sternohyoid (SH), an extrinsic
laryngeal muscle shown by various EMG
studies <13,5> to be active in Fo falls
and low Fo, but also believed to be invol-
ved in segmental articulation, were inves-—
tigated. The subjects were two female
students in linguistics in their late
twenties, both native speakers of MSC.
Subject CYC came from Taipeh and subject
FJQ from Beijing. The corpuses consisted
of MSC syllables in all tones placed in a
carrier sentence (Lwo3 niend4 X tsd4d4l "I
read the character X") to aveoid contamina-
tion by non-speech muscular activity. The
target syllables were meaningful MSC words
belonging to minimal series having the
same segmentals, with lexical items in the
four tones. ‘'The same minimal series were
used with both subjects, and additional
material was also used for subject FJQ.

METHOD

Two thin hooked platinum wire electrodes
were percutaneously inserted into both
subjects® CT and SH muscles according to a

Pierre HALLE

Labo. de Psychologie
expérimentale.

CNRS, EHESS.

Paris, FRANCE

Bénédicte de BOYSSON-BARDIES

Labo. de Psychologie
expérimentale

CNRS, EHESS.

Paris, FRANCE

technique described in <3>. The subjects
were then made to perform various manoceu-—
vers (opening jaw against opposing force,
swallowing, holding breath) to check on
the insertion of the electrodes in the
desired muscles. As the subjects read the
corpuses aloud in a sound-treated room,
the EMG signal from the electrodes and the
acoustic signal were simultaneocusly recor-
ded by means of a 7-track AMFEX recorder.
Due to displacement of some electrodes
after the checking manceuvers, the signal
from subject CYC’s SH muscle proved unpos-—
sible to interpret. As a result, only
signals from subject FJQ’s CT and SH and
subject CYC’s CT could be analyzed.

The audio and EMG signals were digitized
at B8 KHz (after low-pass filtering at 3.5
kHz and & dB/ octave analog preemphasis
for the audio signal) and stored on disk
in a Solar 16-40 computer. Fo was extrac-
ted by means of a cepstral method with
framelength set to 312 ms. and frame pe-
riod set to 10 ms. The EMG signal was
undersampled to 1 KHz, _,and the absolute
values were then integrated over a 75 ms.
Hamming window sliding by 4 ms. steps.
Programs were designed for the purpose of
displaying the audio and EMG signals toge-
ther with the Fo and integrated EMG
curves. The tone-carrying part, consisting
of the main vowel and any segment follo-
wing it in the same syllable <8> was vis-—
vally identified on the audio tracing.
Based on a technique created by Kratochvil
9> for obtaining average Fo and Ao pro-
files for tones, Fo and integrated EMG
were measured by hand in twelve regularly
spaced points of time (numbered -2 to <)
for each target-syllable, points 1 and &
corresponding to the onset and endpoint
respectively of the tone-carrying part as
determined on the audio tracing, with
intervals of 20% of the duration of the
tone-carrying part between any two adja-
cent points. These 24 measurements summa-—
rized the evolution of the EMG and Fo
curves for each tone-carrying part and the
margins on both sides of it. Mean values
and standard deviations were calculated
for each of these 24 points to obtain
average Fo and EMG profiles by tone and by
segmental syllable.
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-+ - | \ Joed ® Figs 2. a-d: Fo and cricothyroid activity in syllable [pil in
o - ) g »° the 4 tones (subject FJO). Tegt syllables are inserted in car-
rier sentence: [wo3 niend4d X ts+4] "I read the character X". From
- = top to bottom: audio signal Fo, integrated EMG curv d
Fig. l.b: tone 2. Fig. 1.d: tone 4. EMG signal. 9 ’ L g e and raw
Figs. l.a-d: average Fo, cricothyroid and sternchyoid activity
profiles by tone. Each curve averages Fo or muscle activity in
five test syllables with segmentals [ma, ?ai, u, tu, thul. Solid vity occurring on paoints -1 to 1 are rele- the same utterance. It characterizes not
line: subject CYC. 7Dotted line: subject FJQ@. Thick vertical vant to the control of Fo at the beginning only the test syllables but also the car-
lines indicate onset (left) and endpeoint (right) aof .tone-car-— of the tone-carrying part of the test rier sentences. It corresponds well to the
rying part. syllable, but patterns occurring after activity pattern of the CT as described
point 4 cannot relate to the test syllab- for other tonal or non—-tonal 1anguagess;
le. Note the increase in CT activity in Swedish <&>, Dutch <43>, Thai <5>, French
. the vicinity of point & in figs 1. a-d. <25 etc. Typical examples of CT activity
RESULTS AND DISCUSSION. A Latency time, the interval between muscle fhis, we believe, relates to the prod- in the 4 tones are shown in figs. 2.a-d.
F:gst l.a-d show Fo and TUSCIE activity activity and Fo respons2, is best esti” uction of T4 in the following syllable,
profiles for each Fone. With sp?aker FJQ, mated by cross-correlation methods but 2 Ytes g, The sternohyoid. In spite of very high
the CT and SH profiles were obtained from rough estimate can be arrived at by meas” Average profiles by segmental syllable standard deviation values, the average SH
the same tokens. uring the interval between remarkable indicate no clear effect of segmentals on profiles by tone in figs. 1.a-d show some
. . Lo . points on the integrated EMG curve and the the level of CT activity (although syllab- correlation between low or falling Fo and
The cricothyroid: 5%m1lar evolu?xons of corresponding points on the Fo curve. For le structure may affect the location of CT increased SH activity, in particular in T3
the CT are observed with both subjects: Fa both subjects, latency times thus measured peaks in relation to segmental events). In and T4. Conversely, low SH activity accom-
rises (second part of T2, and any rises range between 50 and 160 ms, with values particular we do not observe the correla- panies T1, the high level tone, and T2,
preceding the onsets.of T anq .T4) -are most frequently situated in the 80-100 ms tion between vowel timbre and peak level the rising tone. However, the Fo shoulder
PrECEde? ?Y increases 1n CT activity. High range. This is in agreement with the fin- of CT which Auteserre % al. <2» suggested at the end of T2 is often preceded by an
CT activity also accompanies T1, a tone ding in <4> of a mean latency time of 94 might account for the intrinsic frequency SH peak.
wlth‘ high Fo throughout. Ip contrasts ms. for this muscle. In Figs.l.a-d, these of vowels. All profiles regardless of tone also dis-
portions of tones characterized by Fo values correspond to between one and tWo This overall pattern is stable across play an increase between points -2 and O,
falls (T3, T4) are preceded by decreases times the interval between two adjacent utterances, and also across repetitions of corresponding to sharp activity peaks

in CT activity. points. Accordingly, patterns of CT actl”
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shortly before vowel onset in individual
test syllables. This suggests that part of
the activity of the SH is unrelated to
pitch control. Average profiles by segmen—
tal syllable (Fig.3) indicate the level of
activity around vowel onset depends on the
nature of segmental material, vowel timbre
in particular: highest levels occur with
fal, lowest with [il, intermediate levels
with [ul. These observations of the acti-
vity pattern of the SH are consistent with
published accounts of its role in speech.
Regarding Fo control, 0Obala <12> claimed
the strap muscles, among which the SH,
lower Fo indirectly by lowering the la-
rynx, which in turn reduces the vertical,
not the antero—-posterior, tension in the
vocal folds. Regarding segmental articula-
tion, Obala and Hirose <13 claimed that
the GSH also participates in tongue—lowe-
ring, tongue-backing and jaw-opening ges-
tures by fixing or lowering the hyoid bone
when muscles 1linking the hyoid bone and
structures above it are also contracting
(as the anterior belly of the digastric in
jaw-opening gestures). Fo lowering will
occur anly if the hyoid bone and the la-
rynx are free to move downward, that is,
if the hyoid bone is not simultaneously
pulled upward by muscles above it.
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Fig.3: Average sternchyoid activity pro-
files by segmental syllable (subject FJQ).
Each curve averages SH activity in four
test syllables with T1, T2, T3 and T4.
Simple line: syllable [mal. Dotted line:
syllable [tul. Double line: syllable [pil.

CONCLUSION

Involvement of the SH in both Fo control
and segmental articulation is not the only
source of wvariability in our data: SH
activity patterns can differ widely in
repetitions of the same utterance. While
instability of muscle activity patterns is
a normal result in EMG studies, the stabi-
lity of CT patterns is more remarkable.
Two reasons may be invoked to account for
its (a) the CT specializes in Fo control

and is not simultaneocusly involved in
other tasks, and (b)) although other
muscles (among which the SH) play a role
in Fo control, none is so efficient in
regulating vocal cord tension.
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ABSTRACT

The realization of Icelandic preaspirated plo-
sives and voiceless nasals 1is examined, parti-
cularly the timing and extent of the devoicing
gesture and of velar excursion. The segmental
status of preaspiration is discussed and it is
suggested that the voiceless nasals can be quite
simply regarded as ‘"ordinary" nasals coarticu-
lated with a following preaspirated plosive.

INTRODUCTION

In this paper we examine an aspect of Icelandic
that 1is particularly interesting from the point
of view of interarticulatory timing - the reali-
sation of the preaspirated plosives and voiceless
nasals {henceforth abbreviated to HC and NH).
These sounds have also been of central interest
in the phonological analysis of Icelandic.

They are both subject to considerable restric-
tions on where they can occur in the word: HC
occurs only after short vowel medially or finally
{"seppi”, "“16pp") and in combination with other
consonants only before /1/ and /n/ (“epli"). NH
is subject to dialectal variation but in southern
Icelandic  occurs principally before /p, t, k/
following short vowel, i.e 1in the position in
which HC also occurs.

The emergence of these two groups of sounds has
also been 1linked diachronically /8/ through a
shift in the timing of the devoicing gesture on
the plosive. Synchronic analyses have varied,
however., Pétursson /7/, in a phonemic descrip-
tion, analyzes preaspiration as the phoneme /h/
based on his phonetic investigations; and based
on the existence of minimal pairs such as "dempi"
vs. "dembi" ([tempi] vs. Ttempi] ) assumes the
existence of separate voiceless and voiced nasal
phonemes. There 1s thus no apparent relationship
between these two groups of sounds. In other
analyses /1/ this vrelationship is preserved,

" preaspiration being introduced by rule as an

auto-segment, and modifying the adjacent nasal if
one is present.

The questions Jjust briefly touched on provided
the motivation for examining these sounds in as
homogeneous an environment as possible. This also
gave the opportunity to return to a question
raised 1in our earlier /4/ investigation of German
where varying oral articulations in word-pairs
such as "fette" vs. “feste" seemed to be combined
with a constantly timed glottal gesture when
viewed from the onset of the preceding vowel.

SUBJECT, MATERIAL AND METHOD

A male speaker of Southern Icelandic acted as
subject. Based on the considerations outlined
above the speech material was chosen to permit
contrast of preaspirated plosives, unaspirated
plosives, voiceless nasal plus plosive and voiced
nasal plus plosive. This led to the following
list of 10 words, the sounds of interest all
being in medial, post-stress position.

"hitti" preaspirated
“hiti® unaspirated
“henti" voiceless nasal
"hendi" voiced nasal
"seppi" preaspirated
“sepi unaspirated
"dempi" voiceless nasal
“dembi" voiced nasal
"hetta" preaspirated
“sempinn" voiceless nasal

This 1list was subjected to six different
randomizations, the words being embedded in the
sentence frame:
"&g segi ..... pa"

The following procedure was followed for the re-
cordings: Glottal activity was assessed by the
transillumination technique and velar activity by
Kiinzel's photoelectric method /5/. For obvious
technical reasons velar and glottal activity had
to be recorded separately. Precautions were taken
to ensure that both recordings were spoken at
roughly the same rate. A third recording of oral
air-pressure will not be discussed further here;
however, it enabled the audio-signal measurements
to be based on 18 tokens per word (3 recordings
x 6) rather than 6 tokens per word as in the case
of the physiological signals.

RESULTS

The results will be presented in three sections:
first, the temporal measurements made on the
speech signal {summarized in Table 1); and then
the results for glottal and velar activity.

Figure 1 shows ensemble averages for glottograph
and velograph signals and audio envelope for
eight of the ten words. Note that the velar and
glottal signals were not, of course, recorded
simultaneously. The audio envelope represents an
average over both recordings.
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Segment Durations

The words will be treated as consisting of a
maximum of three basic segments (cf. Table 1):

1. the vowel preceding the consonantal group,
2. the nasal or preaspiration section,
3. the occlusion phase of the plosive.

Yowel length divided the material into two
groups, one group consisting only of “"sepi” and
"hiti®, in which the (diphthongized) vowel was
120-140 ms in length (segment 2 being completely
lacking here, of course) and a second group con-
taining all other words, in which the length of
the vowel was roughly 60-85 ms. As far as segment
2 is concerned, the length of preaspiration was
clearly shorter than that of the nasals:

50-70 ms vs. 110-150 ms. Within the nasals the
voiceless sounds tended to be 1longer than the
voiced counterparts. _

The 1length of the plosive .occlusion tended to
counterbalance the 1length of segment 2 with much
shorter plosives following the nasals than in the
preaspirated or unaspirated conditions:

ca. 80 ms vs. ca. 120-140 ms.

The relative 1lengths of preaspiration and the
plosive occlusion are comparable to those in /3/
and /10/, while in /7/ the preaspiration was
sometimes as long as the following occlusion.
Clearly this did not occur here. Nonetheless,
there seems to be a feeling in the literature
that preaspiration is so long that it cannot be a
mirror-image of postaspiration but rather is an
independent segment. We believe this argument has
been over-valued (but see discussion).

The fact that occlusions for preaspirated and
unaspirated plosives are not reliably distin-
guishable in length also agrees with /3/.

Table 1

Main segment durations averaged over all three
recordings (n = 18).

vowel nasal or occlusion
preasp.

X sd X sd X sd

hitti 75 9.0 51 12.5 146 20,7
hiti 142 14,5 = ceccecee- 134 16.4
henti 63 10.4 141 13.5 92 11.2
hendi 63 6.0 115 11.7 92 12.7
seppi 59 5.7 76 10.0 123 14.9
sepi 125  14.4 ceemme——e 134, 16.1
dempi 68 4.4 143 10.5 87 15.3
dembi 86 5.2 108 12.2 79 20.8
hetta 70 7.2 67 8.4 136 15.9
sempinn 62 4,5 130 10.6 83 15.1

Glottal Activity

Fig. 1 shows that the amplitude of the devoicing
gesture for HC and NH was very large, being
reater even than for the pre-vocalic fricatives
e.g. /s/ in ‘“seppi%). This agrees with /10/
while Lofqvist /6/ generally noted rather smaller
glottal openings for HC. The unaspirated plosives
{e.g. "“sepi") had a clear devoicing gesture but
of restricted amplitude while for the plosives
following the voiced nasals no evidence of glot-
tal opening could be seen. Pre-vocalic /h/ (e.qg.
*hitti*) also had a devoicing gesture, of course,
but also of restricted amplitude so that, in view
of the unconstricted vocal tract in these sounds,
they were often not completely voiceless.
The above remarks refer to aspects of the glot-
tal gesture that are so prominent as to be unaf-
fected by non-linearities in the glottographic
signal. Any differences in glottal activity bet-
ween HC and NH are clearly more subtle, however,
In the nasals the glottal gesture, particularly
the adductory phase, coincides with a period of
fast velar movement, so that reliable differences
in maximum glottal opening and maximum opening
and closing speed cannot be assumed.
The timing of glottal activity can be approached
with “more confidence, however., There are some
clear differences, but also some interesting
similarities between HC and NH. Firstly, it
should come as no surprise that the interval from
peak glottal opening (PGO) to formation of the
occlusion for the plosive is completely different
for the HC and NH sounds. The data for all 18
tokens of HC and NH gives:

X =85.4ms; sd=13.5ms
X =10.4ms; sd = 8.6 ms

for the nasals
for the preaspirates

This is a natural consequence of the broad simi-
larity in the glottal gesture and the different
structuring of the oral articulation exemplified
in Table 1.

Regarding similarities 1in timing the first point
to be made is that there is no difference in the
overall duration of the gesture as estimated by
the interval from instant of maximum opening
speed to instant of maximum closing speed. .

Support for the hypothesis developed on the basis
of the earlier German material was also found;
while it unfortunately proved impossible to mea-
sure the beginning of glottal abduction reliably,
nonetheless the interval from vowel onset to the
moment of maximal abduction velocity, and from
vowel onset to PGO were not significantly dif-
ferent in the two classes of sounds.

Velar Activity

Regarding the nasals as a group it has already
been pointed out that the voiceless nasals s
measured  from the audio signal were clearly
longer than the voiced counterparts. This result
was highly significant. There was, however, no
reciprocal adjustment in the length of the fol-
lowing plosive, nor differences in the length of
the preceding vowel. This replicates results
previously presented by P&tursson /9/ aquite
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closely, although he did find some reciprocal
adjustment in the length of the plosive.

Regarding the velar gesture itself there were no
significant differences in maximum raising or
lowering speed or 1in overall excursion. Taking
the 1length of the interval between the positions
of maximum Jlowering and raising speed as a mea-
sure of the length of the velar gesture the
values for ‘“dempi" were significantly greater
than those for “dembi" in a straight t-test. For
"henti®/"hendi" this comparison would be meaning-
less because of the considerable anticipatory
coarticulation (see Fig. 1).

A further motivation for examining velar activity
in these groups of sounds was that in his cine-
radiographic recordings Pétursson /7/ had ob-
served slight velar lowering in the preaspirates

as well as in pre-vocalic /h/ and interpreted
this as additional evidence for regarding pre-
aspiration phonemically as /h/. We were unable to
replicate this finding in our material; the pairs
“seppi®/“sepi® and "hitti"/"hiti" clearly do not
differ 1in velar activity (See Fig. 1). In both of
these pairs the velum is lower in the vowels than
in the adjacent occlusives, but this simply
reflects the well-known differences in intrinsic
velar height for these sounds /2/. In pre-vocalic
/h/ (e.g "hitti", "henti") the velum can clearly
take on a high or low position depending on the
surrounding sounds. In fact, this dependence on
the environment seems so complete that one could
doubt whether /h/ has any intrinsic height
specification at all.

ow /\
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Fig.1 Averaged audio enveiopes ( AE), transillumination { GW ), and velograph signals { VH ), lined-up at onset of arrowed

vowel,
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DISCUSSION

The first question to consider here is the segmen-
tal status of preaspiration. Since we were unable
to reproduce Pétursson's observations of velar
behaviour in the preaspirates the main point is
how much weight should be attached to comparisons
of the length of preaspiration and other kinds of
segment. In our material HC seems to be behaving
like a single consonant since 1) preaspiration
was shorter than the nasal segments in the nasal-
plosive clusters, 2) the occlusion for preaspi-
rated and unaspirated plosives is the same
length, 3) plosive occlusions in the nasal-
plosive clusters are much shorter than in the
simple preaspirated or unaspirated plosives, 4)
the shortening effect on the plosive of intro-
ducing a preceding nasal is virtually identical
in the hypothetical preaspirated case and in the
unaspirated case.

There 1is still perhaps an extremely cogent reason
for retainfng the segmental status of preaspi-
ration; as Arnason points out /1/, words with
preaspiration are given contrastive stress by
lengthening the preaspiration phase, which 1in
this respect behaves completely independently of
the following plosive. It would be interesting to
examine this phenomenon glottographically.

Turning to the glottal activity one could argue
that the similarities for HC and NH suggest that
two voiceless segments are present in both cases.
However one might equally well point to the great
difference between pre-vocalic and putative pre-
consonantal /h/.

Thus this kind of argument does not get us very
far, the same being true to a lesser extent for
the segment-length arguments.

1 believe that it 1s more fruitful to consider
the aercdynamic and physiological constraints
within which the language's contrasts must be
produced.

Thus 1t 1is, for example, by no means clear that
preaspiration and postaspiration of equal length
are equally perceptually prominent, the one being
superimposed on a closing, and the other on an
opening movement of the vocal tract. Moreover,
reliable devoicing with an unconstricted vocal
tract, as at the beginning of the preaspiration
phase, requires a large-amplitude glottal open-
ing. This may explain why preaspiration does tend
to be longer than postaspiration and perhaps also
a less common phenomenon. Yet the fact that they
are not perfect mirror-images of each other clear-
1y need not mean that fundamentally different
types of segment are involved.

The question of perceptidility may, as Pétursson
has pointed out /9/, also explain why voiceless
nasals are longer than voiced ones: these voice-
less segments must be distinguishadle from the
quite large mumder of other voiceless segments
that Icelandic can allow in this positien.

we thus believe 1that up to this point there are
no compelling reasons for regarding preaspiration
as a separate segment, whether analyzed as an /N
phoname or &s an autdo-segment that has moved from
the plosive where it originated.

This opens the way for viewing the existence cof
the voiceless nasals from the point of view of
the speach motor system as a simple cearticu-

latory phenomenon. We would suggest that the
voicelessness of the nasals 1is essentially a
mirror-image of the voicelessness of the 1/
segment in English “plea“. It was shown here
that, as in the earlier German example, HC and NH
share a very similar glottal gesture, but with
reorganisation of the supra-glottal articulation.
We would hypothesize that pairs such as "plea*
and “pea" 1in English also superimpose a constant
glottal gesture on reorganised oral articulation.
While we believe that our results aliow a co-
herent description of these sounds from a motor-
speech perspective the restricted nature of the
material examined naturally leaves a number of
questions unanswered. In particular it would be
desirable to include a more comprehensive range
of voiced and voiceless continuants plus plosive
in the description and to examine the realization
of these sounds under contrastive stress.
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RESUME

Les signaux électromyographiques du cricothyroidien
(CT) et de trois muscles sous-hyoidiens sont re-
cueillis chez un locuteur frangais réalisant des
configurations mélodiques Moyen-Haut-Bas (MHB) et
Haut-Bas-Haut (HBH). Les résultats obtenus lors de
ce premier enregistrement sont précisés par une
deuxidme étude, restreinte aux degrés d'activité du
CT pendant la prononciation d'un ensemble de phra-
ses, représentatif des patrons intonatifs du fran-
gais.

Nous analysons plus particuli2rement les relations
entre les pics d*activité de ces muscles, d'une
part, et d'autre part la distribution des tons mé-
lodiques dans la phrase et le contexte segmental
(fréquence intrinsdque et voisement). Les maxima
d*amplitude des pics de CT coincident avec Te point
d'inflexion de la courbe ascendante de Fo, comme
s'i1bs‘agissait de la premi2re dérivée de cette
courbe.

INTRODUCTION

I1 semble établi, A la suite de nombreuses études,
?ue les variations de 1a fréquence fondamentale
Fo) dans la parole dépendent de deux composantes
interactives majeures : 1'abaissement graduel de la
pression sous-glottique (PS), responsable de 1la
ligne de déclinaison, et 1'activité des muscles du
larynx qui contr8lent les inflexions locales de Fo
(montées et chutes) superposées d cette ligne de
déclinaison /1/, 72/, /3/.
La plupart des spécialistes, et en particulier /4/
et /5/, attribuent 3 trois paires de muscles laryn-
gés le contrdle des variations positives de Fo : le
cricothyrotdien (CT), le vocalis (V) et le cri-
co-aryténoTdien latéral (CAL). Toutefois le V et le
CAL, dont la fonction primaire est d'assurer 1‘ad-
duction des cordes vocales, semblent moins directe-
ment associés aux variations locales de Fo que ne
1'est 1e CT. Le contr8le des inflexions négatives
de Fo est moins bien connu /6/, /7/. 11 n'est pas
exclu que le CT joue, cette fois encore, un rfle
fondamental, mais dans ce cas, par sa relaxation.
Celle-ci s'accompagne certainement d'une participa-
tion de certains muscles sous-hyoidiens tels que le
sterno-hyotdien /7/, le sterno-thyroTdien /8/, et
peut-8tre le sterno-cleido-hyoidien.

Nous nous proposons d'étudier les relations entre
les variations de la fréquence fondamentale et les
phases d'activité de trois muscles sous-hyoidiens
et du CT dans des conditions expérimentales qui
seront précisées ci-apres.

1. - Corpus et enregistrements.

Le corpus enregistré par un locuteur francais, est
constitué, d'une part, de configurations melodiques
complexes, montantes-descendantes, Moyen-Haut-Bas
(MHB) et descendantes-montantes, Haut-Bas-Haut
(HBH); d'autre part, de phrases choisies afin d'il-
lustrer la réalisation des principaux patrons into-
natifs du frangais : continuation majeure et mi-
neure, questions totale ou partielle, implication,
appel, parenthases.

2. - Technique électromyographique (EMG).

Nous avons recueflli simultanément 1'activité EMG
de quatre muscles : le cricothyroidien (CT) et
trois muscles sous-hyoidiens : le thyro-hyoTdien
(TH), le sterno-thyroidien (ST) et le sterno-clei-
do-hyoidien (SCH). Pour 1'étude des configurations
mélodiques complexes (MHB) et (HBH) nous avons con-
sidéré 1'ensemble de ces muscles. En revanche pour
1'analyse des phrases, nous avons limité 1'investi-
gation au seul cricothyroidien. La technique choi-
sie est celle des électrodes bipolaires (2 fils de
platine) décrite par (10). Afin de vérifier si les
électrodes ont bien été implantées dans le muscle
choisi, on a procédé a plusieurs épreuves de con-
trble : respiration calme puis profonde, dégluti-
tion, résistance 3 1'ouverture de la machowe.

Les signaux EMG et la parole sont enregistrés sur
un magnétophone Ampex (7 pistes) et reproduits sur
papier A 1'aide d'un enregistreur Gould ES 1000.
Les signaux de parole sont captés & la fois par un
microphone et par un électroglottographe (Frokjaer-
Jensen, type EG 830) relié 3 un détecteur de mélo-
die. Le locuteur et les différents capteurs sont
placés dans une chambre insonorisée et les enregis-
treurs disposés en dehors de la cabine.

3. - Les paramdtres enregistrés et leurs mesures.

L*analyse porte sur les tracés du phonogramme, du
glottogramme, de la courbe mélodique extraite du
signal glottographique, des deux types de représen-
tation des signaux EMG, brut et redressé.

Les divers types de tracés correspondant a des éta-
pes différentes de la contraction musculaire (ébau-
chée, franche ou forte) ou A des épisodes de relid-
chement ont été identifiés qualitativement par ré-
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férence au signal acoustique. Cette comparaison est
complétée par une mise en correspondance, a partir
du signal EMG redressé, des pics d'activité des
bouffées EMG les plus importantes et des sommets
des configurations de Fo sur la courbe mélodique.

RESULTATS

1. Comparaison des activités électromyographiques
du cricothyroTdien et des muscles sous-hyotdiens
dans la réalisation des configurations mélodi-
ques Moyen-Haut-Bas (MHB) et Haut-Bas-Haut (HBH)

- On observe de fagon systématique une anticipation
de 1'activité EMG de tous les muscles considérés,
par rapport au début de la phonation (Fig. 1 A et
1 B). Ceci confire 2 ces muscles un r8le impor-
tant dans la préparation de 1'activité vibratoire
du larynx (attaque).

- Les muscles sous-hyoidiens explorés fonctionnent
de manidre synergique (Fig. 1 A).

- A 1'attaque de la configuration MHB, on remarque
une activité plus importante des sous-hyoidiens,
ce qui n'est pas le cas lors de 1'attaque de HBH,
ol 1'activité du CT 1'emporte.

- L'activité du CT se produit avec une anticipation
plus grande & 1'attaque qu'au cours de 1'émission
d'un ton haut 3 1'intérieur de la configuration
MHB ou qu'en finale de HBH.

- D'autre part, 1'activité des sous-hyoidiens est
fortement corrélée 3 la réalisation des tons bas,
ce qui semble conférer & ces muscles un r8le im-
portant dans le contrfle des variations descen-
dantes de Fo (7). Leur fonctionnement apparaft
alors de type antagoniste par rapport 3 celui du
CT. Ceci n'est plus vrai dans le cas d'un ton
haut final (Fig. 1 B) pour lequel 1'ensemble des
muscles fonctionne de manidre agoniste (Tableau
1) : ce traitement particulier en position finale
impliquerait 1'existence d'un processus de con-
tr6le mis en cuvre pour éviter un dépassement de
la cible de Fo A atteindre /11/.

2. Comparaison des activités du cricothyrotde dans
1a réalisation des configurations wélodiques des
principaux patrons intonatifs du francais.

Sf les effets de la contraction du CT apparaissent
bien connus, les signaux EMG de notre locuteur nous
conduisent d mettre en &vidence des faits moins
souvent signalés de reldchement de ce muscle (pre-
nant méme une allure d'inhibition) qui paraissent
ici particulidrement significatifs,

2.1. La présence ou 1'absence de ce rel3chement est
e aux facteurs :

- La nature du ton initiale de la phrase : le
reldchement se produ nitiale des phrases
commengant par un ton moyen ou un ton bas (phra-
ses déclaratives et questions totales). I1 est
absent au début des questions partielles (du type

"qu'est-ce que tu luf as dit 7*) qui co
par un ton haut (Fig. 2). ) q mmencent

- La nature de 1'unité phoni ue 3 1'initiale : dans
Tes phrases débutant par un ton haut moyen ou un
ton bas, 1'organisation temporelle de ces phases

de reldchement semble &tre influencée par le ca-
racttre voisé ou non voisé de la premidre unité

ST Jt Lo d [“ Jﬂw'l’h .V

Fig. 1. - Phonogramme (Ph), Glottogramme
signaux EMG redressés du

du thyro-hyoidien (TH),

(ST) et du sterno-clei
courbe de fréquence fond
pondant aux configurati
(1 B) réalisées A partir

EGG) et
cricothyroidien (CT),

du sterno-thyroidien
do-thyroidien (SCH) et

amentale (Fo), corres-
ons MHB (1 A) et HBH
de la voyelle /o/.

Valeurs moyennes de la

TONS M H B
FO (H2) 110 356 94
CT (pv) 1307 1693 564
ST (pV) 1107 457 821
TONS H B H
FO (Hz) 337 93 377
CT (uv) 1500 366 2216
ST (pV) 550 1150 1083
Tableau 1

fréquence fondamentale (Fo),

de 1'ampiitude des pics d'activiteé EMG du cricothy-

roTdien (CT) et du ster
pondant aux points cibles
des configurations mélodiq
(1 A) et descendante
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no-thyrotdien (ST) corres-
(Medium,M,Haut, et Bas,B)
ues montante-descendante
-montante (1 B),

phonique. Ces moments de rel&chement précddent la
réalisation d'une voyelle ou d'une consonne voi-
sée initiales, alors qu'ils se produisent pendant
;a tenge d'une consonne non voisée initiale (Fig.
et 4).

En finale d'énoncé, le reldchement est en rela-
tion directe avec la chute de Fo pour la fina-
1ité, la parenth2se basse (Fig. 3) et 1'appel
(*Jean Paul I*, Fig. 5) dont le contour mélodique
comporte une montée puis une chute de la voix.

2.2. Les phases d'activité.

Les pics d'activité du CT sont systématiquement
associés aux sommets (tons hauts) des contours mé-
lodiques de continuation mineure et majeure et de
la question totale. Dans ces cas, la hiérarchie des
pics d'activité du CT refldte celle des sommets de
Fo (Fig. 6).

Pour les contours continuatifs, la phase d'activité
12 plus importante commence de mani2re anticipée
sur la consonne de la syllabe accentuée portant le
ton haut (Fig. 7).

En revanche, 1'anticipation du pic EMG est moins
marquée dans les questions totales ol elle se situe
vers le milieu ou dans le dernier tiers de la
voyelle accentuée, qui porte le ton haut (Fig. 8).
D'autre part et en premidre approximation, i1 sem-
blerait qu'il y ait une corrélation positive entre
1'amplitude du pic d'activité du CT et la fréquence
intrins2que des voyelles en syllabe accentuée, dans
1a mesure ol les valeurs de ces pics refi2tent la
hiérarchie des valeurs de fréquence intrinsdque ob-
servées par /12/ et /13/.

DISCUSSION

Les résultats de cette premi2re investigation sur

1'activité des muscles du larynx pendant la réali-

sation des configurations mélodiques du frangais
2ous permettent de formuler les remarques suivan-
es :

1. Les muscles sous-hyoidiens, retenus pour cette
expérience fonctionnent, dans la plupart des
cas, en synergie, en relation avec les infle-
xfons négatives de Fo.

2. Les relations entre ces muscles et le CT sont de
type antagoniste, dans le cas d'un ton initial
ou médian et agoniste, Tors de la réalisation
d'un ton final.

3. L'activité du CT est systématiquement associée,
en frangais /14/ a la production d'un ton haut
conformément aux observations déji effectuées
dans d'autres langues.

4. Nos résultats tendraient 2 mettre en évidence
T'existence d'une véritable pré-programmation,
prenant en compte, & 1'attaque de 1'énoncé, la
Eré:ence du voisement et la réalisation d'un ton

aut.

5. La comparaison du chronométrage de 1'activité de
CT pour les questions totales et les continua-
tions semble justifier la distinction établie
par /15/ entre configuration concave et configu-
ration convexe, ou encore, d'aprés notre ana-
1yse, entre montée retardée (question) et montée
anticipée (continuation).

6. Les résultats obtenus 2 partir d'un premier son-
dage effectué sur quelques syllabes (Tableau 2),

Voyelles orales
Voyelles
Voyelles Voyelles nasales
basses hautes
(e, a il ful (€]
Série 1 866 ‘1033 1066 933
Série 2 779 841 957 945
Movyenne 822 937 1011 959
Tableau 2

Valeurs de 1'amplitude du pic d'activité du CT (en
uv).

tendraient A montrer que la fréquence intrin-
stque n'est pas le résultat d'une contrainte
physiologique mais correspond bien i un proces-
sus actif /16/.

7. La mise en correspondance systématique des pics
d'activité EMG et des courbes mélodiques nous
conduit a considérer la courbe de Fo comme 1'in-
tégrale de 1'activité du CT : le maximum d'am-
plitude de ces pics coincide avec le point d'in-
flexion de la courbe ascendante de Fo (Fig. 9),
comme s'il s'agissait de la premizre dérivée de
cette courbe.
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Fig. 2. - Attaque dans le registre haut. Question
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Fig. 3. - Phases d'activité et de relachement (R)
du CT dans 1'énoncé *Evidemment ! Je 1'af vu*
(implication + parenth2se basse).

Fig. 4. - Phases d'activité et de relichement (R)

du CT dans la phrase *Sur le quai 7" (question
totale).
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Fig. 5. - Phases d'activité et de rel&chement (R)
du CT dans le contour mélodique complexe de
1'appel (*Jean-Paul 1"},
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Fig. 6. - Phases d'activité du CT dans la réitéra-

tion ("mamama...*) de la phrase "Le fils de
Paul est partiv.

Fig. 7. - PhaseS d'activité du CT dans la phrase
"Le fils de Paul est parti".

PHONOGRAMME N 8
N

GLOTTOGRAMME GLOTTOGRAMME

‘_—‘*"%‘“%:;'—— ——~—-—-—A,, EE g %

{CT) NON REDRESSE

PHONOGRAMME ]

(CT) NON REDRESSE

(CT) REDRESSE
R
A 4

FREQUENCE FONDAMENTALE

VREQUENCE FONDAMENTALE
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Fig. 9. - Correspondance entre le pic d'amplitude

du CT et le poin
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ABSTRACT

The main thrust of this study is to
examine on the acoustic level and across
rate conditions, intersegmental and intra-
segmental phasings in close phonetic
classes : VC vs VCC. The psychomotoric
recognition pattern paradigm adopted here
is a means of inferring motor programs,
separate or generalized, from the different
types of phasing structures observed. We
should also be able to compare our acoustic
data with related results on movement stu-
dies, especially in the intrasegmental
domain, for which lesser data is available.

INTRODUCTION

Studies of timing in speech on the
articulatory 1level postulate a relative
constancy, across stress and rate for ges-

tures associated with adjacent segments /1/
and also for gestures associated with
events within one segment /2/. These
results obtained for behaviours Dbetween
oral articulators (intersegmentally) and
between oral and laryngeal gestures (intra-
segmentally) both suggest some motoric
invariance. :

In the light of this literature, we
will investigate for French on the acoustic
level intersegmental (VC & VCC) and intra-
segmental (VOT & VIT) phasings across two
rate conditions. The cyclic production

activity in speech allowed us to determine,
on the acoustic level, from. reiterating
events a release cycle and retain, within
this cycle, four phases : VOT, Vocalic, VIT
and Silence (cf. below). Our results will
concentrate on the Vocalic, VIT and VOT
ones. Adopting hence the psychomotoric
recognition pattern paradigm borrowed from
studies based on phasing, - e.g. those for
human intralimb kinematics /3/, - we will

try to show from our results that instead
of simply advocating relative timing or
phase invariance, we could search for

clear-cut structural patterns (inferential
of separate motor programs) and this for
different - though linearly linked (as to
cycle transformation) - 1linguistic tasks,
like those found for the same gait pattern
analysis in walking vs jogging /4/.

On the intrasegmental level, we will
examine the behaviours of VOT /5/ and VIT
(Voice Termination Time, see /6/ for measu-
rements ; and /7/ for cue validation) in
the VC domain since both are linked to the
timing of the glottal gesture in relation
to supraglottal release and closure respec-
tively. If the intrasegmental timing for
VOT is comparatively well known (for French
see /8/), we do not dispose of enough
information on the role that VIT plays in
consonantal c¢oordinations. Thus, we will
attempt to situate our results in the per-
spective of glottal gesture control in
relation to the two consonantal commands
for closing and release responsible for
producing the consonant hold. 1In recent
research context, preoccupied with the
phasing of these commands as revealing
ultimate intersegmental motor programs /9/,
this study should provide a comparison
between the acoustic manifestations of our
VIT with results obtained by /2/ examining
the production of an intrasegmental coor-
dination.

LINGUISTIC MATERIAL

The linguistic material consisted of
derived from the following French
empatter / empater, téter / éteter,
/ écoter, égoutter / golter. In cer-
contexts, these verbs become real

pairs
verbs :
coter
tain

minimal pairs permitting to test, in the VC
domain, the effect of consonantal gemin-
ation on vowel length (pairs of the type :
‘nous 1l‘empattons ? / nous 1’ empatons ? vs
"nous l’empatt‘t-on ? / nous 1° empat’t-on
?". See /10/ for a detailed description of
this corpus). 12 repetitions were obtained
for each item, amounting to 768 items for
each speaker in two vrate conditions :
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normal and fast To

& . account
1nger/intrasegmental phasings between fsé
an VCC classes, we will limit here our

data to the first and 1 i
ast airs

segies above_(vowels /al, /agl, /u/in/u???
?n to preliminary results on 5 séeakérs
from a larger data base. Our results will

ocus on three of them : speaker J.P. res-
gigﬁih)quantit{ contrasts (rare in present

; speaker R.L. is an exampl
representative results obtained ig ethgg
;;r&zd?nd g;sewhere ; and Speaker C.F. has
others.y ifferent phasing structures from
After recordings, s

. i » speech signals
d1g1§alized and items extractedgfrom t§§§§
carrier sentences, segmented manually into
:gggzglillivents with the help of a speech
St . A total of 44,490 events were

The following parameter

. i S .were retai
530Ct§e YC domain : vocalic phase (VOT ;?Sg
J = clear wvocalic formant structure)
closure duration, VOT, VIT (from the begin-
ing of closure to the end of voicing), the

silent phase and the rel
ease cycle.
3§§7115 on measurement procedurgs,e S?r

RESULTS AND DISCUSSIONS
1. INTERSEGMENTAL PHASINGS

Speaker J.P. (with vowel length)

In studying the effects
L of rate
;ﬁéﬁ;tgg c?coustic timing for our dif?:rggs
asses, we observe in the 1
cycle a clear vocalic ge aife
phase percenta -
Sgéesce (around 17%) betwegn VC,V?S digd
the,t.CC classes. This distinction between
wWo categories, although highly signi-

ficant (t=13.76) is not at all surprising
since
since one is to expect a difference in

between a vowel followe
consonant and a vowel followeddbgy : Sé:gif
nate one. What is interesting is that the
vocal%c phases for VC and VCC classes sta
relatively constant in the release cycley
across quantity and rate conditions Thé
:ggaration remains efficient in such'a way
L gi for example, VCC classes in fast rate
on tiops are never confused with VC
ciasses in normal rate conditions. We noted
also that classes differed clearly alon
the cycle dimension. The outcome is twg

struct
entiti:;?l patterns for the two linguistic

Speaker R.L. :
Although this speaker has i
a diffe

vowel system from speaker J.P., the oveiggg
gqnsonantal.phasing structure is the same.
_1gure 1 is a good 1illustration of the
intersegmental strategy adopted also by the
previous speaker. The relative stability
gcrgss conditions evoked above is also evi-~
en here, with a phase percentage

difference of around 20%

(t=15.42). Thi
mean phase p?tcentaqe difference coupleg
with the obvious mean cycle difference

(around 97 ms ; t=13.86) i
H . provides a mainte-
nance of two well defined phasing pattgrgs
for different phonological tasks. Similar
manoeuvres have been systematically repor-
5;? b¥E/}3//§?r 8 French vowels (/a/, /a:/
. IE:/, 19/, [0:/, Iul, /lu:/) in  an
identical experimental : ) Te
reoioney Froabe: patadigm for Savoie

Speaker C.F.

Examining this speaker’s resu
noticed some sort of a linear trigzitizz
between VC and VCC phases. Even though mean
values are rather different between the two
phone?ic classes (around 10% ; t=6.50), the
transition from VCC in fast speech to 6C in
gormal speech is assumed without any strik-
ing phase rupture. This transition is due
to a great extent, to the phase change:
within the VC class, from fast to normal
speech. Phonetic classes are less distinct
along the cycle dimension. It is interest-
ing to note that this pattern is extended,

for this speaker, to the other vowels, wi
, with
the phase transition phenomenon being even
?05e continuous in the case of the vowel
a;o.t ghis behaviour, deviating from those
obsz ed by the other speakers, allows us to
o rved.the notion of relative permanence
(whiah ifference between motor programs
v c are very likely not based solely on
phase relations). For a discussion on this
Eeeqomenon of phase transition, giving a
vival to old experiences in motor phonet-

ics
see L{é?{ in the new scope of synergetics,

2. INTRASEGMENTAL PHASINGS
2.1. VOT PHASINGS IN.THE RELEASE CYCLE

The part that VOT plays in the release
gigls seems to be quite different from both
e ogalic and the VIT phase (see below).
ke ugz the former, it is not surprising
tha cga e similar dispersions between the
o el sses in apsolute values give differ-
e ingcesgages in such different cycles as
Figuce 2) t§; Note (e.g. for speaker R.L.,
are  stetioe t mean percentage differences
are. St stically significant (t=6.45). A
classeset:iégg gigﬁination £l ehe Jor

. shc : at fi T
g?:iz diminishes abruptly as Ei:' tgiezge
Syope sxggreases and then the regression
slope du enly becomes relatively stable

nd 240 ms) with further release cycle

increase. So it seem
s that progr r
longer cycles tends best topstgb?T?i;? *

2.2. VIT PHASINGS IN THE RELEASE CYCLE

The overall tendenc
Y i
YTT proportionnaly as yth: S eleane
increasegs. Figure 3 plots, the

the'
release cycle
duration of
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this release cycle against the VIT phase
for the productions of the same Speak?r
R.L.. Correlation coefficients are signifi-

cantly negative for both simple and
geminate consonants (r=-.83 and ~.61 res-
pectively ; r=0.51, p=0.10), the falling

regression slope being significantly steep-
er for simple than for geminate consonants.
Between the two segmental classes the mean
phase difference is small (just signifi-
cant, t=2.90). On a whole, we can posit
from these results that, as far as the VIT
phase and the release cycle are concerned,
the parameterization for this intrasegmen-
tal phasing is similar for both phonetic
classes, thus implying a generalized motor
program.

2.3. VIT PHASINGS AND CLOSURE

Having in mind that /16/ recently
reaffirmed the fact that the glottal open-
ing phase remained relatively constant in

relationship with consonantal
closure/constriction across rate condi-
tions, we examined the ratio of VIT to

closure variations across normal and fast
speaking rates. Our results are as follows
: the VIT phase 1is negatively correlated
with closure duration. An increase in clo-
sure duration for the geminate class,
however, has 1less proportionnal reducing
effects on the VIT phase, the regression
slope for the single consonant class being
generally more pronounced than for the
geminate one. Figure 4 is an illustration
of this strategy. It seems, in other words,
that there is more tendency towards VIT
phase constancy as closure duration
increases. These results are similar to
those obtained by /17/ in an interspeaker
related study. Note that the VIT phase
tends to increase rapidly as closure is
reduced, and notwithstanding the fact that
we are still far from complete voicing
(with a maximum of 40% VIT for about 65 ms
closure), the drift promises to Dbe swift

towards flaps for which prevoicing no
longer participates in categorizing the
feature.

CONCLUSION

The very first question we raised in
the beginning of this paper was in fact a
reformulation of the invariance issue.
Giving up research on relative timing
invariance for a single phase in a cycle
/18/, which appears to be quite problematic
119/, we looked at differences in multi-
phase patternings like those found for gait

analysis /4/. Such data show clearly that
re-patterning is a result of different
types of behaviour within each phase. Some

are constant (like E2 in the Philippson
Cycle) ; some are slowly and smoothly
changing (like El) ; finally, a few give
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true discontinuities (like F). Likewise 1in
speech, we found out that the only phase
with such a decisive contribution to dif-
ferences in patterning, related to close
linguistic tasks, was the so called vocalic
one. Contributions of VOT is of the El
type, like for the silent phase (nearest to
E3). This is true for our acoustic measure-
ments. But it should be pointed out here
that data in intrasegmental timing, consi-
dering the few available movement studies,
will 1lead to similar results. Concerning
VIT in particular, it is worth noting that
/16/°'s data could be situated in such
research paradigms. Relative invariance of
the peak glottal opening occurence in the
closure/constriction time span is of course
different from the acoustic VIT output,.
whose percentage varies inversely with clo-
sure increase (Figure 4). Movement results,
when replaced in the total release cycle
will give more differences than those found
for our acoustic VIT : values around 50 to
60% for the peak glottal opening phase in
closure will lead to quite different values
in VC and VCC cycles (say 25% vs 40%). It
seems therefore that this articulatory
phasing is more discontinuous than for VIT,
thus giving a more substantial contribution
to differences in patterning. This remains
to be quantified so as to evaluate the par-
ticipation of intrasegmental phasings in
speech cycles. The main question to ask now
is - :+ how can the dependency of laryngeal
timing in its coordination with supralaryn-
geal gestures as a single programming be
more evidently revealed ?

ACKNOWLEDGEMENTS : Special thanks to Chris-
tian ABRY, who followed this work closely,

for his.comments.
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ABSTRACT

Very importan.ly for automatic phonetic decoding of
continuous speech in speech recognition systems
(SRS), the acoustic contrast (in terms of the
observed formant -F- values) between phonemically
distinct phonemes can be enhanced, or reduced or
even neutralized depending on specific contexts.
For a given vowel V, the F-pattern (i.e. F-values
and F-temporal evolution), is not only a function
of ideal F-target values for each V, but also of
(a) the articulatory contrast (i.e. distance) in
terms of the tongue position among the phonemes in
consonant-V-consonant-vowel sequence and (b) the
timing between the required opposite movements of
the tongue. The first part of this paper illus-
trates the observations done on the three most open
oral vowels in French, extracted from 1040 sen-
tences spoken by five male speakers. It is con-
cluded that temporal constraints (TC) on the motion
of articulators become a prominent factor in con-
tinuous speech. The second part concerns the
consequences of such observations for SRS: (a) the
TC are effective in explaining many of the confu-
sions appearing in the actual SRS, where decision
about V identity is mainly based on measuring a
"rate- and context-insensitive'" acoustic distance
between the segment to be recognized and a set of
reference templates; (b) some suggestions are pro-
vided on how to introduce the TC in the design of
the future SRS.

INTRODUCTION

In automatic phonetic transcription of speech, the
decision about the identity of the vowels is gen-
erally based on the measurement of an acoustic dis-
tance between the spectra sampled in the vowel to
be recognized and a set of stored (speaker=~
dependant) reference templates (one or more tem-
plate for each vowel) is often erroneous. The
error rate is known to vary greatly depending on
the speaking rate, on the particular speaker and of
the number of distinctive vowels in the language.
For a language which has a fairly rich vocalic sys-
tem as French, 50 % of errors is very common. The
inadequacy of the speech parametrisation and a poor
distance metrics may be partly in fault, but
clearly others facts are in cause. As often
noticed in the 1literature, phonemically distinct
vowels are not always entirely separated in the
F1/F2 plane, when extracted from continuous speech
even for a single speaker. This paper explores the
formant (F) values of the French three most open
vowels in continuous speech, in a fairly large
number of sentences.

EXPERIMENTAL PROCEDURES

Two-hundred eight sentences spoken by 7 speakers (5
males and 2 females) were recorded in a sound-proof
room at CNET (France), Firstly, high quality digi-
tal spectrograms for the 1456 sentences were calcu-
lated. Secondly, about 200 selected sentences were
submitted to the acoustic-phonetic  analyzer
developped at CNET [1], to automatically transcribe
them into a set of phonemic hypotheses. Thirdly,
the sentences were further analyzed using the Spire
facilities at the Speech Group at MIT (USA). The
sentences were automatically segmented (2] and the
F-values were calculated from LPC spectra (See
Fig.1 for an example of the material wused). The
present study only concerns the 1040 sentences
sopken by the male speakers: the data obtained for
the female speakers were disregarded because of
problem in F1 detection.
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Fig. 1: MATERIAL USED
Display of the superimposed results of the segmentation progras
(vertical lines) and of the two first formants (F1 and F2) cal-
culated from LPC spectra, every 5 msec.
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I. RESULTS
1.2 IDZAL TARGET IN LON
I.1 TYPICAL PIATES CF AXTICTTATION LONG VOWELS ¢) The F-target values are not reached in other III. CONSEQUENCE FOR ASR
o she - n cases. Grea; r:ed:ct:ion1 in tgrmls: of differerlxces
T-e temcr . i . s itere is a well-known tendenc . between the observed F-values an -target values III.1 EXPLAINING PARTLY THE ACTUAL ERRORS
a vV is if?ie:cz;sgyaz:;:?af:l:is of tke F's in trolled studies for non-sense ZéqS:ni::s;flg och. has been observed for anterior vowel in posterior
tte surroundirg ;hmeaos“{3] ““‘:*15:‘151113:1311 cf for the values of F1 and F2 of the vowels Eeech, context (KEK/ and posterior vowel in anterior con- We have examined in an informal way the results
scmants  azd the tk:ee‘s&ni-‘;g.-“ie 16 fre:.ch cca- directed asymptotically toward the same t° be text (T>T). The shorter the vowel, the greater the obtained by the phonetic decoder of the KEAL system
in2o the four traditiomnal cla €'s caa De regrouped values. Such an ideal target is assumed to arget amount of reduction. In very short occurences of on a part of this sentences.and of a When the sys-
on their places of an?cu1‘~;sse?: {4], cecending for each V, which is independant of cons exist TaT, for example, the values F2 at the vowel center tem is trained for the three V in their least
tie bilabial a=d la':io-én»:i c?‘~~§e_r18- 2): (1) context and thus can be rergarded as an { onantal are very closed to t‘he“values at the vowel onset reduced form (long V and PVPV context), good
er tke lewer 1:ip :in :%eE;b — “'f:’ vircg botix lips attr%bute of the vowel [5]. This tendenc gval’lant and offset. (the "V" shape of F2 temporal course results are obtained in the test corpus for the V
tal, iavolvirg the tip—cr ?:e “i'imr (2} the den- confirmed in our study of continuous s y gs been with appears in vowels with longer duration is in similar contexts. Confusions often arise in
blzde of tie tonges, (3).u’hetg;:-a§§f:1 cf'dthe ‘f‘weliuwith relatively long duration ?g:; figfo; almost reduced to a straigth line) different contexts, or in the cases the duration is
r2latal azd velzr . o7 wu€ Erepalatal, medio- or ustration on /a : shortened, in an expected way (See Fig.6). For
cf tte dorsum cf’é:‘:?;f ;‘;highgf?;g movesent prepausal lengthening)./ / lengthened because of I.4 OPENNESS OF THE FOLLOWING VOWEL example, the /a/ in a fast version of the word
a=d the velus, az=d (4) tho . = te hard palate * /quatre/ is generally identified as /&/.
tZe tongue). azd (4) tre uvular /r/ (backizg of 1.3 THE EFFECT OF SHORTER DURATION The effects described above are not entirely suf-
: ficient to account for F-trajectories and values.
The F1 and F2 X For example, in a sequence like PaPi, where the
duration exhibitp:;;eg?lfo? vowels wl'fh shorter closed sowél /i/ ig following the open vowel /a/,
. owing characteristics. and the intervocalic consonant is labial, two
; : a irstl t 3 . observations have been made. Firstl there is
1 2 for Vv ig, ltalgizllsc:;lgz;snt: no reduction phenomena always (for all speakers) a rising Fg’ (as the 300(;I‘Hz
P el o short occurences of V. In f)vpeven in short or very consequence of fronting of the tongue) Such a rise » .
: B4 i tude of the transitional F- context, the ampli- leads to higher F2 values in the mid region of the F —
; ) : and from V to C is szall and tEovegents from C to V vowel, as compared to observed values in a sequence F3
. e, : all along V are closed to :ho served F-values like PaPa. Secondly, there is some tendency of ] E_
S : Compare the F-values at the F2 e f_"tafgf’-t values. lowering of Fl1 (as a consequence of a lesser open- 0 || R
Sequences PaPa with the F-t turning point in the ing of the vocal tract). When the intervocalic 200 - :
P K R by an arrow on Fig.4. su ﬁrget values indicated consonant is dental (PaTi), the rising of F2 in /a/ D []
expected by the fact thatc an. observation is is accentued in comparison with /a/ in PaTa. — -3 [ F2
pbm tdn kg 1 ; the production of the <o the lips movements for The higher F2 values in /a/ at center and at offset —
fv szj} with the tongue movemen‘gsgnants does not interfere when the following vowel is /i/ can be interpreted l:_ | ) I:'-
w Ui vowel. or the production of the in two traditional ways; first, in terms of a pala- 1000} [
by Th talisation of the intervocalic consonant, secondl){, F
e amount : as an anticipatory FRONTING-CLOSING due to vowel- C{:b Eﬂ I 1
cmuzm:;;isg 2: THE FOUR CLASSES OF CONSONANTS between  the ol-f‘-::?gl::msafin terms of difference to-vowel coarticulation {6]. D:D d:b
fere"yiication of the 19 Freach consonants and gems values) can be predicted ues and the observed More data are needed to check in a systematic way 33 Jat Hae rae at
Iy classes (see text). ~consonants siderations. When Ve :l from articulatory con- an eventual effect of anticipatory labialisation
share about the same ptllac:heo;urzggx}dix;g consonants and velarization, on the three open vowels. AS FC 08 MS RD
The letters P, T, K and R in this : el:ltler' &nterior/front/den::il stion (1.e.
all the 1labial, dental, vel Paper designate posterior/back/velar-uvular), th i o
respectively. A word l;.ke jqagggaig ;:On§onants, wtr:?ﬁ::ngns are reduced. ’In etﬁzgnlzgg: :ﬁe ;- II. MODELLING THE INFLUENCES OF CONTEXT
consi ; - r/ is t obse . » -
of té:ezzgszgggzalent (for what concerns the effzzz to the F_:Z:gegt f’gi F2 turning point are closed Figure S schematizes our observations. The F- Fig. 6: RANGE OF F1, F2 AND F3 VARIATIONS
PaTaKaTXaR; ths °§ the vowel) to the sequence front (anterior) /=] i:e:. It is the case for the values observed at the onset, the mid region and e Zgwel;/:/.d/aé gndhi/heei fg:'e/a7Xt::3t;g 15,:2:' f;:n;)ix;ug::
P ¢ rench words /feame/, /pape/ (TET) and for the back ental (anterior) context the offset of a given vowel is the a function of :li);ﬁer'for /g(/m S'I'hgteea:eg however, cases where the distinction
e ac (POSterior) /3/ in velar and the place of articulation of the adjacent con- between /a/ and /3] or /a/'and 15/ is difficult to establish, at
valid least from the formant values calculated on the spectrum sampled

/bave/ to PaP, etc... ;
three open vowels. V designates one of the uvular (posterior) context (K>K and RaR) sonants and the next vowel. This model is
for the five speakers (the exact values of the F's

are speaker-dependent).

in the mid portion of the vowel.

AF\ kHz
. 7 Ka
! . . KH —KaKa ___paPa
: : r4 .
'7\//_\_— E.-\/—F3—> 21 ~-TaTa ——R3aRd a Madagasfcar
2} ? ; : "‘\/ A kHz y"a‘r!":“v’:‘ (firx’:‘n
: . E E \/P >_< e o \ N 0 ')
S, : P> > el 2} « K
' 1 h ; :: E_/"_—' F2$ 1 b R » e O > ——— oTi
; H : : T 1
H H . . Pi
: s : : 1 .
f"‘. e & 3 =N =N — , i In other terms, the results of the system depends
! : H N F1 ﬂ\-’ K‘* —_~ 7,\\ > RN ad 2. S E directly on the particular allophones included in
: H H H AS ?\ ?“Q 7 N\ 1 the training set, and of the duration of the
Pa - vowels.
# Taz Kazx Rag F2i F21
AS FC D
8 MS RD
Display of th“s.s: INVARIANT TARGETS Fig. 5: MODELLING THE DIFFERENT INFLUENCES OF THE CONTEXT I11.2 TRAINING THE SYSTEM
formants, in‘ :;:p:rnllcouuc of the three first F2 temporal course predicted for F2 during the vowel /a/, from
SR adn S eadts byl . £2 el G20 G0 13t (20, For ool fayiesiols 1o ts possible to create contexts maxiaizing or
oW &2 on N
fizzf‘.“fozd the speaker AS. The data have bZJ, Range of the observed ofIgL gONSONANTAL ENVIRONMENT articulatory equivalent to /aPaTaKaTkar/, F2 is sharpiy falling minimizing the. coarticulatory effects [7,8]; The
gned on the vowel onset /PVPa/, /TVTa » F2 and F3 varjat i in kar (S), falli use of a very limited number of words for training
automatic segmentati » found by the F /» /KVKa/ and /v ions observed in (5), 1ling in gas (4), slightly fslling in am (1),
values denveéubn :: 001 progras. The target F- voi' all speakers, F2 {s the hi :e::/ context for the 5 speakers. rising in wad (2) and dag (3), independantly of the speaker. allows to estimate, for each vowel and for each
by arrous on the’rj s:a inspection are indicated 1' ar context, and F2 the lowglg and F1 the lowest in the When the following vowel is /i/ (as indicated by opened squares speaker, the range of possible variations for the
ght part of the figure. ar context. and F1 the highest in the uvu- by ﬂ;ﬁlfimiln)- F2§ is hixhl;l‘/in comparison with the cases where F-values, at the center, but also at its onset and
e following vowel is not /i/, as indicated by filled squares. offest (See also [9])
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11.2 VERIFICATION RULES

The knowledge of physiological constraints is
best to be put into the calculation of the fitness
score between the output of an automatic decoding
and the description of each word in the lexicon.
Both the exact observed F-values and the descrip-
tion of the temporal course of the F during V (V
shape, rising, falling, ...) are useful to verify
the validity of an hypothesized CVCV phonetic
sequences. For example, F2 in a sequence like
/pak/ is obligatorily rising, independantly of the
speaker (See Fig. 7): if the final consonant is
not released, there is no burst and the F2 temporal
course during the value (or the F2 value at the
vowel offset) is -the only way to distinguish
between /pap/, /pat/ or /pak/. The acoustic dis-
tance between the vowel in the sequence /kak/, on
one side, and the F-target values for the vowel /a/
and /E/ should be expressed as a function of V
duration: if V is less than 150 msec, it should be
acoustically more closed to /£/ than /&/.

CONCLUSION

First, for a general phonetic point of view, the
study has confirmed for French and the usefulness
of the notion of an invariant target for each vowel
[5], the importance of the influence of the adja-
cent consonants on vowel formants [31, the
existence of a vowel-to-vowel coarticulation
phenomenum {6), and the importance of the time-
factor for interpretating the formant patterns.
Understanding of coarticulatory phenomena are
essential in explaining the apparent variability in
the acoustic realisations of a given vowel in con-
tinuous speech. It rises also questions as how the
perceptual apparatus can deal with the distinction
between phonemically distinct vowels which, through
constraints due to the production apparatus, have
become acoustically very closed in terms of F-
pattern. The second conclusion concerns automatic
speech recognition. Since there is exists a rea-
sonably systematic relation between the F-pattern
and the articulatory activity involved in the pro-
duction, the systematic study of the F-pattern of
the vowels in continuous speech provides a valuable
tool for interpreting the 1limits of our actual
phonetic decoders in terms of articulatory-acoustic
relationship. Whether vowel identification is
based on formant or not, the system has to deal in
a proper way with the coarticulation phenomena in
continuous speech.

Thirdly, it coins the usefulness of articulatory
data concerning continuous speech. The possibility
of obtaining articulatory data on large quantity of
data and speakers [10] and the availability of a
sound theory of speech production to interpret the
link between articulatory data and the resulting
acoustic signal [11] should lead to a proper theor-
itical framework for describing the range of possi-
ble acoustic variability for each sound. Such a
framework is also needed to reduce the amount of
training data necessary to adapt the systems to a
new vocabulary or to new speakers. -

Before such a concrete framework for describing
coarticulatory phenomena is found, the knowledge
can be only exploited in a rather ad-hoc manner, at
the training level and/or at the level of phonetic
acoustic decoder and lexical retrieval for a verif-
ication.

0 0

-05

Fig. 7: OBSERVED F2 TEMPORAL COURSE DURING /a/
F2 temporal course during the vowel /a/ (five speakers plotted).
On the right: PaK, PaT and TaK context, and on the left: TaP(-
i), TaR[-i], and KaT[-i] context. The observed temporal course
of F2 is in accordance with the model schematized in Fig. 5.
The data have been aligned on the F2 value detected at the vowel
onset.
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ABSTRACT

The relationship between context redundancy
and key-word intelligibility was earlier examined
in both high- and low-redundancy contexts. Word
pairs were placed in similar positions in two sets
of sentences: text-type sentence pairs and adages
together with spoken-type sentences. With the
text-type sentence pairs, there was an
intelligibility advantage for the words in lower-
redundancy contexts. For the adage and spoken-
sentence pairs, there was no intelligibility
advantage for words in either context.

An acoustic study has now been undertaken to
determine whether differences can be measured in
the production of the word pairs. The peak dB
level of word pairs, their durations and the
duration of various sub-word components, FO
maximum, range, excursion and contour complexity
were considered as possible correlates. It was
found that the correlation between any one of these
factors and word intelligibility was quite low.
However, it was also observed that in a pairwise
camparison, differences in these factors occurred
in the expected direction in a majority of cases.

INTRODUCTION

The purpose of this study has been to
determine to what extent context redundancy and
key-word intelligibility are related, and to
examine possible acoustic correlates of these
factors. It was intended that the results should
help to answer some general questions about
information control by talkers. For example,
Lindblom /1/ has hypothesized that talkers
naturally control the amount of information they
wish to give to a listener. BAn ideal talker might
attempt to increase the intelligibility of words
that he expects his listener to have fewer "higher
level" cues about. How, then, is this higher
intelligibility brought about? There are several
possible avenues: grammatical inversions, phonetic
precision, prosodic stress. And, further, do these
adjustments actually improve intelligibility for
the listener?

A study which has been cited for many years as
support for an inverse relationship between context
redundancy and key-word intelligibility is one by
Philip Lieberman /2/. In his study, Lieberman
investigated the intelligibility of word pairs and
examined the correlation of percent identification
in these pairs with word duration, VU meter reading
and relative peak amplitude. Since Lieberman’s

BOX 70014 S-10044 STOCKHOLM

study was a small one, analyzing only seven words
from eleven sentences, and since the redundancies
in some of the word pairs were not well opposed, it
was decided to replicate this work, considering
more word pairs with more extreme redundancies.

INTELLIGIBILITY-REDUNDANCY STUDY

Test Materials

The initial study, in which subjects attempted
to identify words extracted from sentence contexts,
was described earlier (Hunnicutt, /3/). The words
were taken from similar high~ and low-redundancy
sentence contexts containing matched pairs of
words. One set of high-redundancy sentences were
adages. The corresponding set of low-redundancy
contexts were from grammatically similar sentences
that might be spoken. The two other corresponding
sets of sentences were rather long, grammatically
standardized sentences which one might find in a
text. All sentences were read by one speaker.

There were 76 text-type sentences recorded.
These were taken from a set of Swedish test
sentences developed for speech perception tests by
Rolf Lindgren /4/. The test words in these
sentences are all common words beginning with a
stop and are in sentence-object position, far
enough along in the sentence for a specific context
to be built up. Redundancies for the sentences
were established by having subjects fill in the
blanks left by removing the test words.

The 36 Swedish adages were collected with the
criterion that they contain a non-initial noun,
preferably also non-final and of two syllables.
The companion spoken-type sentences were
constructed to have similar grammatical and
syllable structure to those of the adages, with the
test word in the same position. These sentences
were constructed to give as little information as
possible about the key-word, i.e., they were
constructed as low-redundancy contexts.

Half of each type of the sentences were used
as actual test material and half as fillers.

Speech Processing :
The sentences were copied from tape onto a

large computer disk where the test words were
edited out using an interactive speech processing
program /5/. A 2.1-second period of speech-like
noise was added to cover each word, and the noise
level chosen so that the average signal-to-noise
ratio over the set of all words was 4 dB. The
noise was increased from zero at the onset and
attenuated at the offset over a period of 100
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milliseconds to avoid an abrupt, and possibly
distracting or confusing presentation. These words
were then recorded on tape again with 4 seconds
between words and 10 seconds after each set of 15
words. An open intelligibility test was then
administered to 10 subjects.

Results

For the 19 text-type sentence pairs, there was
a clear intelligibility advantage for the words in
lower-redundancy contexts. There were 10 sentence
pairs in which the low-redundancy words were more
intelligible, 7 in which the low- and high-
redundancy words were of the same intelligibility,
and only 2 sentences in which the high-redundancy
words were more intelligible. The mean number of
correct answers for words in the low-redundancy
contexts was found to be significantly greater
using a paired-comparison test /6/.

There was no such advantage for words in
lower-redundancy contexts for the 21 adage/spoken-
sentence pairs, however. The number of sentence
pairs in which the low-redundancy words were more
intelligible was only 5, the number of sentences
where the word pairs were of equal intelligibility
was 9, and in 7 sentence pairs, the high-redundancy
words were more intelligible.  The mean number of
correct answers were quite close, and the
difference not statistically significant.

ACOUSTIC CORRELATE STUDY

An acoustic study has recently been undertaken
to determine whether differences can be measured in
the production of the word pairs, and whether
observed differences could account for the previous
results in word intelligibility. It was
hypothesized that the more intelligible word of the
pair should have some combination of the following
attributes: higher intensity, longer duration,
larger FO excursion or more complex FO pattern. A
"perfect example" is shown for the word bollen
below. This example, however, is not a norm, as
will be seen in the text. ("Stress syll dur" is the
heading for stressed syllable duration.)

BOLLEN
Redun- No. dB Stress Word FO ex- FO com~
dancy Correct level syll dur cursion plexity

dur (sec) (Hz)
1.00 7 10.6 .31 41 50 3
.24 10 11.6 .34 .52 117 3

Intensity
A comparison of peak dB levels for the word
pairs in the text-type sentences revealed a
tendency towards a lower dB level for words in the
high-redundancy contexts, as expected. Of the 19
word pairs, 13 words in high-redundancy contexts
had a lower dB value. One additional pair had
equal dB-levels. A comparison of the adage/spoken-
sentence pairs shows a lesser tendency in the same
direction. Of the 21 word pairs, 12 words in high-
redundancy contexts (573%) had a lower dB value. An
additional three pairs had equal values.
A t-Test for related measures shows a
significant difference in intensity of key-words in

high- and low-redundancy contexts in both types of
sentence pairs. Correlation between words
correctly identified and dB-level is low, however,
being .07 for the words in more redundant contexts
and .18 for the words in less redundant contexts.

Duration

Duration measurements of the word pairs were
made on the whole word, the stressed syllable (and
stressed open syllables plus following consonants),
the stressed vowel and the consonants(s) preceding
the stressed vowel. It was found that the duration
of the stressed vowel and the duration of the
preceding consonant were often complementary. The
two measurements were therefore combined into a
prestress consonant plus stressed vowel duration.
This measurement is the same as that for the
stressed syllable in open syllables, of course.
There were three cases in which one word of a word
pair was longer in its stressed open syllable and
the other word of the pair longer when the duration
of the following consonant(s) were added, so these
two measurements were both retained. This division
effectively gives two sub-word measurements: one
for the initial consonant(s) and vowel of the
stressed syllable, and the second for these plus
the following consonants, regardless of syllable
division.

For the text-type sentences, there was a
slight tendency towards shorter durations for words
in the high-redundancy contexts, as expected. Of
the 19 word pairs, 12 words in high-redundancy
contexts had shorter initial consonant plus vowel,
and 2 were of equal length. Eleven words in high-
redundancy contexts had shorter initial consonant
plus vowel plus following consonant(s). Only 10
entire words were shorter, with 2 of equal length.
All t-Tests of durational differences show small
differences of rather low significance.

For the adage/spoken-sentence pairs, the
results were the opposite: there was a slight
tendency towards longer durations for words in the
high-redundancy contexts, contrary to expectations.
Of the 21 word pairs, only 8 words in high-
redundancy contexts had shorter initial consonant
plus vowel, and 1 was of equal length; 12 words
had longer initial consonant plus vowel. Seven
words in high-redundancy contexts had shorter
initial consonant plus vowel plus following
consonant(s), 3 were of equal length and 11 were
longer. Only 9 entire words were shorter, 2 were
of equal length, and 10 longer. Except for a
nonsignificant difference in word duration, all t-
Tests of duration differences show small
differences of rather low significance. Correla-
tions between the number of words correctly
identified and each of the duration measures is
fairly low for both types of sentence pairs. The
highest correlations were with word duration in the
adage/spoken-sentence pairs (.40) and with stressed
?yl:lgble duration in the text-type sentence pairs

.3 .

FO movement

Four measures of FO movement have been
employed: maximum FO value, FO range and total FO
excursion during a word, and FO contour
camplexity. Total excursion is taken to be the sum
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of rises and falls (of at least 6 Hertz each), and
contour complexity is expressed as the number of
such rises and falls. Whereas intensity ar}d
duration measurements showed greater differences 1in
the expected direction in the text-type sentences,
FO measurements show dgreater expected differences
in the adage/spoken-sentence pairs. All four FO
measures show decided greater values for spoken-
type low-redundancy context sentences compare@ to
adages, as expected. Contrary to expectation,
however, measurements were often smaller for words
in low-redundancy context text-type sentences
compared to high-redundancy contexts. ‘

For text-type sentences, maximum FO valt..le is
larger for words in low-redundancy contexts in 11
of the 19 cases, and total FO excursion is larger
in 10 of 19 cases. However, FO range is larger for
words in low-redundancy contexts in only 7 cases,
and the number of rises and falls is larger in only
3 cases, 10 words having an equal number. )

In the adage/spoken-type sentence pailrs,
maximum FO value is larger for words in the low-
redundancy spoken-type sentences in 13 of 21 cases,
FO range is greater in 17 cases, total excursion
greater in 18 cases and number of rises and falls
greater in 8 cases, 9 words having an equal number.

GENERAL COMPARISON

In Table 1, shown below, an attempt has been
made to condense the preceding information and to
give a comparative overview. A check mark in the
table indicates that the data supports the expected
result of more correct identifications of a word or
more marked prosody for a word in a low-redundancy
context: an "x" indicates the opposite. An equals
sign (=) indicates equivalent data and a percent
sign (%), anbivalent data. A check mark appears in
the first column if the word in the less redundant
context was identified better (as expected), in the
second column if it had a higher dB level, in the
third column if it had a longer duration, and in
the fourth column if it exhibited greater FO
movement (indicating that at least 3 of the 4 FO
measurements are greater).

Summing the check marks in the tab}e for text-
type sentences, we see that the word in .the low-
redundancy context was identified better in 53;% of
the cases. We also see that 53% of the poss:.t?le
prosody cues are present to support identification
(i.e., of the 57 possible check marks, 30 are
present). Summing x’s, we also see that there were
26% contradictory cues, i.e., lower dB-level,
shorter duration or less FO movement in the low-
redundancy context. Only 11% of high-redundancy
context words were better identified.

The number of prosody cues for the
adage/spoken-sentence pairs is quite similar to the
text-type sentences, even though identification was
not, as previously reported. Words il:l low-
Tedundancy contexts were better identified in only
24% of the cases, and words in high-redundancy
contexts, 38%. However, we see that 54% of the
possible prosody cues are present to support better
identification of words in low-redundancy contexts.
Contradictory cues were present in 24% of the
cases.

<Redund. <Redund. <Redund. <Redund.
>Correct >dB >Dur >FO Mvmt

TEXT-TYPE SENTENCES
BOKEN
BOLLEN
BORDEN
DORREN
GOLVET

KARTAN

%
ISl BNl NS XSS
R Y R N
L0t 00 TSl 00 00 0P Bd X 00 LK
VRV PP EVE YR AL NN

ADAGE/SPOKEN-TYPE SENTENCES
FAGEL
HANDEN
SKOGEN
RACKEN

%
xuu&nxxxﬁu&xxnxuuuxﬁx
xnu&&&xux&&&xx&\\x&<<
xoooooowx&xxx&&x 90 &L 00 0 00 M N
L Y] 00 S L L R AR N

TABLE 1. A GENERAL PROSODIC COMPARISON

Carbining prosody cues for all 120 words, it
can be seen that expected cues appear in 53% of the
cases, contrary cues in about half so many, 26?5.
One observation supportive to the hypothesis 1is
that at least one contrary cue appears in 8 of the
10 words in which identification was also contrary
to expectation. An examination of 'the recordipgs
and spectrograms of the two remaining wqrd pairs
reveals nothing of a segmental quality which could
have caused these identification results. It
should also be noted that there are 3 word pairs in
which the word in the low-redundancy context was
better identified even though 2 or 3 contrary
prosodic cues were present. No particular
segmental effects have been noted for these words
either.
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CONCLUSIONS

An earlier study investigated the relationship
of a word’s intelligibility to the redundancy of
its context.  This study found an intelligibility
advantage for words in lower-redundancy contexts in
text-type sentences. For adage and spoken-type
sentence pairs, however, there was no such
advantage for words in either the low-redundancy
spoken-type sentences or the high-redundancy
adages. It was conjectured that the metaphorical
nature of adages and the influence of the social
conditions in which they are used may have
prevented the realization of the intelligibility-
redundancy relationship observed in the text-type
sentences.

The current study examined possible prosodic
correlates of redundancy and intelligibility. The
peak dB level of word pairs, their durations and
the duration of various sub-word components, FO
maximum, range, excursion and contour complexity
were considered as likely correlates. It was found
that the correlation between any one of these
factors and word intelligibility was quite low.
However, it was also observed that differences in
word intensity, duration and FO movement in a
pairwise comparison occurred in the expected
directions in a majority (53%) of cases. It was
also observed, however, that in 26% of cases,
differences occurred in the direction opposite to
that expected. An examination of particular cases
revealed that 8 of the 10 word pairs in which
intelligibility was contrary to expectation also
exhibited at least one contrary prosidic cue. In
addition, there were 3 word pairs in which
intelligibility was as expected even though 2 or 3
contrary prosodic cues were present. Segmental
quality did not seem to be a factor.

We might say that if prosody indeed correlates
with intelligibility, that it correlates as a
whole, being expressed in various combinations of
higher intensity, longer durations and more lively
FO contour. Correlation of these prosodic cues
with lower context redundancy was somewhat more
robust, especially in the case of FO movement.
This suggests that a talker is not always
successful in improving word intelligibility for
his listener in a low-redundancy context, but that
subtle differences in performance intended to bring
about this effect are often present.
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A PROBLEM OF ASSIMILATION BETWEEN NASAL VOWEL AND PRECEDING NASAL CONSONANT,
A PERCEPTUAL EXPERTMENT

PIETER VAN REENEN
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Free University, Amsterdam
The Netherlands

ABSTRACT

on the basis of mainly articulatory data it was con-
cluded in Van Reenen [1) that a nasal vowel consists
of a nasal part preceded by an oral part. The results
of the experiment reported below show that the in-
crease in nasality from the oral to the nasal part
is relevant for the perception of the vowel as nasal,
even when the vowel is preceded by a nasal consonant.
The result explains a paradox with respect to assimi-
lation. )

THE PROBLEM

Assimilation

When two phonemes (or underlying segments) are
realized adjacently, assimilation may occur, i.e. the
realizations of these phonemes (or segments) may
become more like each other. When the underlying
sequence of phonemes (or segments) /na/ is perceived
as {na}, the /a/ has been assimilated to the /n/ with
respect to nasality, a case of progressive assimila-
tion. However, if the sequence /[na/ is perceived as
(na], there is no (or hardly any) assimilation.
This is essentially the view of assimilation in
structural and generative phonology.

In diachronical studies it is commonly claimed
that if [na} > [nd) (whatever the underlying segments)
there has been progressive assimilation. However,
this kind of change is not common. Much more common
is the change [an] > [&n] > [&] or [nan] > (nén) >
{nd). The formation of the (8] is usually the conse-
quence of regressive assimilation by the following
nasal consonant. However, no explanation is provided
for the asymmetry in behaviour of the vowel preceded
or followed by nasal consonant.

In both views is it assumed (although often impli-
citly) that assimilation concerns both coarticulation
and coperception. If the (a] in (nd) is more like the
(n] than the [a] in [na] the resemblance concerns
both the position of the velum and the nasal quality
of the two sounds. We will refer to these views as
the Assimilation Hypothesis.

In the following we will provide an explanation
why there is an asymmetry between the nasalisation
of a vowel preceded and a vowel followed by nasal
consonant. In particular we claim that with respect
to articulation the (&) in [nd] has not become more
like the [n) than the [a] in [na], although in both
forms some coarticulation occurs.

HANS VAN DEN BERG

Dept. of Language
Free University, Amsterdam
The Netherlands

The articulatory structure of a nasal vowel

In Van Reenen [1] it was found that vowel nasality
is better defined in terms of the articulatory notions
nose coupling and mouth coupling than in terms of
nose coupling alone. The amount of nose coupling N
was defined as the opening in mm? of the nasal port
measured in a cross-section perpendicular to the air-
stream at the point of greatest constriction between
the velum and the pharyngeal wall. The amount of
mouth coupling MC was defined as the opening in mm
of the mouth passage, measured in a cross-section
perpendicular to the airstream at the point of great-
est constriction in the mouth. Articulatory evidence
showed that rather than in.terms of N the nasality
of vowels may be expressed in terms of the propor-
tional relationship NZ between N and MC, as in formula
(I):

NZ = N/(N+MC). 100X (1)

It follows from (I) that an increase in NZ is produced
by means of an increase in N and/or a decrease in
MC.

A second finding in Van Reenen [1] was that there
is an increase in NI during the production of a nasal
vowel and that this increase in NI is an intrinsic
property of this vowel. This conclusion was mainly
based upon the fact that the lack of NZ in the first
part of the vowel appeared to be not simply a case
of coarticulation with a preceding nonnasal consonant,
since the increase in NI was present in nasal vowels
preceded by a nasal consonant as well. Between the
central phase of the nasal consonant - during which
MC=0 and NI is 100Z, see formula (I) - and the central
phase of the nasal vowel, a dip in the amount of N
occurred. In terms of N this dip was sometimes present
as well. In other cases there was an increase of N
from the end of the central phase of the nasal con-
sonant to the central phase of the vowel. This in-
crease in N may correspond to a dip in NI as well,
on the assumption that the MC of the vowel is arrived
at early in the vowel and is more or less steady until
its central phase. We will refer to this conclusion
as the Increase in NI Hypothesis.

A paradoxical result of a perceptual experiment

A perceptual experiment carried out by Linthorst [2]
provided some indirect evidence that the increase of
NZ during the nasal vowel was perceptually relevant.
In the experiment, Linthorst manipulated the vowel
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in French méme "self" [mem] to which we will refer
as [en), since it may be assumed that it was produced
with a considerable amount of NI from the beginning
to the end, and the vowel in words like baie "bay"
{be] to which we will refer as [ey], since it may be
assumed that it was produced with NI being 0. Lint-
horst found that speakers of French perceived the
vowel [en] as nonnasal. In one speech sample offered
to the listeners the second [m] had been cut off as
in [me,] and in another the vowel [ep] had been
added once again as in [mepenp]. However, when the
same vowel [e,] was added to [bey] as in [bege,] the
speech samples were perceived as containing nasal
vowels, although in the first part of [egep] it may
be assumed that NI was 0.

In order to account for the results found by Lint-
horst, the following explanation was proposed in Van
Reenen[1]. On the one hand, the increase in the amount
of NI during the [egep] preceded by oral consonant
made the listeners perceive the vowel as nasal. On
the other hand, the more or less constant amount of
NZ in [epen] and {en] preceded by nasal consonant,
made the listeners perceive [epepn] as nonnasal. In
other words, the listeners interpreted implicitly the
off-glide of the [m] as still present during the
articulation of the vowels [e,) and even {epneq].

A first experiment

In order to test this explanation a preliminary
experiment was carried out in which a direct link
was laid between articulatory properties of nasal
vowels and their perception. Artificial nasal vowels
were produced by means of a plexiglass model in
which NZ could be calculated on the basis of the
articulatory properties N and MC. Listeners judged
vowels in which NI increased as being more nasal
than vowels in which NI was equally distributed
over the vowel for the same amount of NI. Since the
result showed that the increase in NI is more
important for the perception than the total amount
of N, the increase in NI hypothesis was confirmed.
The details of the first experiment are presented
in Van Reenen and Groen {3].

Implication
The explanation in Van Reenen [1] of the experiment
in Linthorst [2) has an implication which can be

1 1002

2 of NI

(C)v

N)V
oz (N)

mm==> time ===> ime

Fig. 1 and 2. Schematic representation of the amount
of NI on the basis of articulatory data.

tested. If it is correct, it follows that a nasal
vowel preceded by a nasal consonant should contain
an increase in NI in order to be perceived as nasal.
A perceptual experiment was devised in which this
implication was examined in order to make a choice
on this point between the Assimilation Hypothesis and
the Increase in NZ Hypothesis.

Figures 1 through 4 illustrate the two hypotheses
to be tested from an articulatory point of view. In
these figures C=oral consonant, N=nasal consonant,
V=oral vowel, v=nasal vowel. The amount of NI is
represented from the end of the central phase of the
consonant until the end of the central phase of the
vowel.

With respect to perception the two hypotheses
predict that [v] in [CV] will be perceived as nasal
and (V] in [NV] as oral (see figures 1 and 2). Figures
3 and 4 represent forms of coarticulation. Instead
of following down the broken lines, NI stays high
in figure 3. Figure 4 represents another, less
outspoken form of coarticulation. Here NI decreases
until it crosses the line of increase of the vowel.
According to the Assimilation Hypothesis figure 3
represents [Nv], whereas figure 4 is nonexistant.
According to the Increase in NI Hypothesis figure 3
represents [NV] and figure &4 [Nv]. The experiment
reported below showsthat figure 4 represents [NV],
thus providing confirmation of the Increase in NI
Hypothesis.

THE EXPERIMENT

Test words
In the experiment the properties of the vowels of

four Dutch words of type [Cvs] and [Nvs] were tested
perceptually. The words are:

(pas, pis, mas, mis]

They occur in low standard Dutch pronunciation, in
which the ([n] - present in the standard language
forms - is absent and the vowel is nasal. The words
with [a] are possible French words as well.

Speech samples

The series of four words was pronounced five times
by the first author and registered on Revox A77 by
the second author. The words were pronounced slowly

3 10
k\ 0z 4
\
\
\l

\ s I of NI
’
‘o
k’ (N)V?
B W LA 0z SN (v
===> time ===> time

Fig. 3 and 4. Schematic representation of the amount
of NI during the vowel on the basis of articulatory

data.
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and clearly, as much as possible at the same frequency
(150 Hz) and equally loudly. The most regular set
was selected for further treatment.

The [p), (m] and [8] were cut off the words by
means of the computerprogram SESAM. As the border-
line between [p] and vowel we took the transition
from non-periodic to periodic. As the borderline
between [m] and vowel the change in amplitude. In
the case of [p) and [m] these borderlines correspond
almost exactly to the end of the central part of
the consonant during which the mouth canal is blocked.
As the borderline between the vowel and [s] we took
the transition from periodic to non-periodic. The
vowel length of the two [4] sounds was 420 ms, of
the [I] in [pi) 368 ms, in [mi] 394 ms.

For the [pv] words we expected a perceptual score
corresponding to figure 1. These items served as a
control. The scores with respect to the vowels in
(mis] and {mds] made it possible to check the reality
of figure 4.

Five times two periods were selected from each
of the four vowels. The two periods were chosen at
0, 50, 100, 150 and 200 ms from the beginning of the
vowel. Since a period has a length of 8 ms the
selected vowel periods were situated at 0-16 ms,
50-66 ms, 100-116 ms 150-166 ms and 200-216 ms. We
may assume that the nasality during each selected
vowel fragment of two periods was (almost) constant.

Each fragment of two periods was lengthened to a
vowel of 196 ms by means of a computer program
(GHEVU). These vowels will be called: 1 to 5, where
1 refers to the first, and 5 to the last gelected
vowel segment. We refer to the artificial vowels as
(p)Vs, (m)is i.e. the third lengthened vowel segment
in the word starting with [p], and the fifth segment
of (i) preceded by (m]. '

The ten artificial [&] sounds were grouped into
pairs and the pairs were put on tape in random order.
Each pair was compared to itself and to the other
{d] sounds, just as the ten artificial [1] sounds.
The test is of the type A-B and, B-A. So, for instance,
{(p)i1) formed a pair with [(p)is] and [(p)ig] formed
a pair with ([(p)ij]. The test started with ten
supplementary pairs which did not count in the score.

Subjects )
Altogether 33 subjects listened to the tape, 18 of
whom were known to be trained listeners. They were
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Fig. 5 and 6. Nasal scores by trained listeners.

asked to score which of the two vowels was more
nasal. The results have been calculated for the two
groups separately and together. Since we were mnot
interested in the question whether Dutch listeners
are able to hear vowel nasality, but in the question
whether listeners who are able to perceive vowel
nasality judged our artificially lengthened vowels,
we consider the results of the trained group as more
relevant and report them in detail. The data of the
untrained listeners - showing the same trends but
less clearly - are presented in an Appendix.

Results

The results of the trained listeners are reproduced
in figures 5 and 6 as percentages of more nasal
scores. They show that trained listeners hear the
vowels preceded by ({p] as consisting of a minimal
nasal part, followed by increasingly more nasal
parts. In the case of {(p)is], [(p)ig] and [(p)is]
no increase in nasality was perceived. Apparently
the maximal nasality is reached early in this vowel,
earlier than in the (&).

The [(m)V] vowels offer a different picture. During
the central part of the nasal consonant NX is 1002.
As soon as the vowel starts (in terms of periodic
waves or increased amplitude) the perceptual correlate
of NI decreases sharply until the second vowel to
increase sharply again until the 5th. In the case of
(1] there are two increases at the beginning of the
vowel. The second and most serious increase is
situated later in the vowel than in the three other
words.

Agreement of scores

In order to check the agreement of the scores of the
trained listeners, the Friedman rank analysis was
applied. The higher the Xz. the better the agreement
among the listeners. As appears from table 1 (for the
untrained listeners see Appendix), the agreement of
the scores of the trained listeners was high. It was
always significant at the .01 level, and, except in
one case, at the .001 level. We may conclude that
the scores of the trained listeners are highly
reliable.

X2 Df a=.05 at a=.01 at &=.001 at

(p)a 51.19 &4 9.49 13.28 18.47
(m)a 33.30 4 9.49 13.28 18.47
(p)a+(m)a 94.06 9 16.92 21.67 27.88
(p)1 38.52 4 9.49 13.28 18.47
(m)i 14,74 &4 9.49 13.28 18.47
(p)I+(m)I 95.3% 9 16.92 21.67 27.88

Table 1. Agreement of the scores of trained listeners
in terms of the Friedman rank analysis. Agreement
was always significant at the .01 level, and, except
in one case, at the .001 level.

DISCUSSION

Confirmation of the Increase in NI Hypothesis

Although we have not examined the question whether
the speech samples were articulated with an increase
in NI during the nasal vowel, the way the listeners
perceived the succeeding parts of the original nasal
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vowels suggest that such an increase was present.
The perceptual results represented in figure 5 closely
parallel the articulatory representation in figure
1. Apparently the increase in NIZ brought about by the
amount of N and MC is perceived as an increase in
nasality. The perceptual results in figure 6 closely
parallel the articulatory representation in figure
4. Apparently, the dip in NI between the nasal
consonant and the central part of the vowel is
perceived as a relative lack of nasality. It would
be difficult to imagine how these perceptual results
correspond to an articulation without such a dip.
Therefore we consider the perceptual results
represented in figure 6 as evidence in favour of
the Increase in NI Hypothesis. It follows that both
figure 2 and figure 3 represent [NV].

It may be the case that the results found do not
even represent the dip in its most outspoken form.
As we have seen above, the vowels 1 through 5 were
produced on the basis of 16 ms samples from the
original vowel. In between every two succeeding
samples fragments of 50-16=34 ms were not examined.
It is possible that if the two periods had been chosen
from these 34 ms, the NI and the perceived nasality
might have been even (slightly) less than what has
been found., This would have made the results even
more convincing.

Differences concerning {1} and [a]

There is less agreement among listeners concerning
{(m)I] than concerning [(m)d] and on an average the
increase in NZ in the [I] is less clearly perceived
than in the case of {a]. Apparently, the role of the
dip is less important in the case of [(m)i]. We have
have seen that in the case of [(m)I] the dip falls
later in the vowel than in the case of [(m)a}]. Does
the amount of nose coupling N during the first part
of the [I] ({(m)i;]) 4increase slightly? The
palatoglossus - which is responsible for the closing
movement of the velum - is a relatively slowly
reacting sphincter and since MC is relatively low
the influence of such a slow reaction may be
noticeable where it is not in the case of [a].

Assimilation, coarticulation and coperception
A nasal vowel preceded by a nasal consonant will not
easily become nasal. The NI will be interpreted as
part of the off-glide of the nasal consonant. Even
if a nasal vowel is formed by means of a dip between
the central phase of the nasal consonant and the
central phase of the nasal vowel, this vowel is not
as easily perceptible as a nasal vowel in isolation,
since the increase will be less outspoken.
Coarticulation between [m] and {V] implies that
the vowel is produced with a considerable amount of
NZ during its first part, which may go on during its
central phase. The result is perceived as an oral
vowel. In order to perceive such a vowel as nasal

this coarticulation should be avoided and a dip in

NZ should be created.

If assimilation is considered to concern both
coarticulation and coperception, we may conclude
that the succession of a nasal consonant and a nasal
vowel is characterized by coperception but not by
coarticulation. Coarticulation between nasal consonant
and following nasal vowel is not more outspoken than

between nasal consonant followed by an oral vowel.

If this conclusion is accepted there is no specific
coarticulation between a nasal consonant and a follo-
wing nasal vowel. This would explain why in language
change progressive assimilation of a nasal vowel is
less common than regressive assimilation.

APPENDIX

Data concerning the group of untrained listeners.
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Fig. 7 and 8. Nasal scores by untrained listeners.

x2 Df a=.05 at a=.01 at
(p)a 15.56 4 9.49 13.28
(m)a 9.67 4 9.49 13.28
(p)a+(m)a  33.89 9 16.92 21.67
(p)i 4,04 4 9.49 13.28
mi 13.48 4 9.49 13.28
(p)i+(m)i 15.63 9 16.92 21.67

Table 2. Agreement of the scores of untrained
listeners in terms of the Friedman rank analysis.
The agreement among untrained listeners was less
than among trained listeners, although, except one
case, significant at the .05 level and, except two
cases, at the .01 level.
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ABSTRACT

Speech perception is argued to be es-
gentially a top-down process coming down
stepwise from higher levels to lower ones,
the higher levels being characterizable,
from the phonological point of view, in
terms of their prosodic features.

In Donald Normen's words, "it is usually
thought that the analysis of speech requ-
ires levels of abstraction. For example,
speech sounds are transformed into phone-
mes, and phonemes into words"/9, p.388/.
The analysis of this kind, nicknamed'bot~
tom-up', until very recently was accepted
almost universally. The only alternative
was presented by the one-time influential
analysis-by-synthesis model which typi-
cally did not make use of the notion 'le-
vel of abstraction'. In other words, the
predominant views link the very notion of
levels to the more traditional bottom-up
model, while its top-down counterpart, the
analysis-by-synthesis model, is not
thought to require the notion. The reason
seems to be rooted in a rather narrow un-
derstanding of what levels of abstraction
may be like: it is believed by many that
at the outset of the process of speech
perception man deals with the phonetical-
ly ‘richest', i.e.the least abstract,cha-
racteristics of the incoming signal, the
latter being step by step trefined' so as
to dispose of communicatively irrelevant
details.

Yet the psychology of vision /II/ as well
as the still earlier ideas of N.A. Bern-
stein /I/ suggest a valuable hint to the
contrary. It is argued that at the first
stages of visual perception man deals with
highly generalized, and therefore abst-
ract, features of the object to be percei-
ved. Such features are sufficient to get a
*rough idea' of what is being seen, i.e.
to assign the object to a very broad class
of entities. If the actual getting is in-
formative enough to provide ground for

( subliminal) choice within the class, the
object is recognized with all its rele-
vant details without further analyzing

its actual physical characteristics. If
not, its lower-level features, less ab-
stract and more specific, are to be bro-
ught into consideration until the infor-
mation is made sufficient to identify
the object.

It may be seen from the above very sket-
chy exposition that visual perception
exhibits a clearly top-down character.
On the other hand, it is hardly in line
with the analysis-by-synthesis model --
at least not beyond the anticipation ro-
utines common to all perception strate-
gies. It seems to be of primery  impor-
tance that the perceptual process evol-
ves as a stepwise progressing from a mo-
re abstract representation of an object
to a more apecific (concrete) one. That
meansg, at the same time, that the process
is hierarchical in nature. Levels of ab-
straction are also levels of control whe-
re the output of a higher level largely
constrains and, for that matter, controls
the functioning of the lower one.

If suditory perception is presumed to be
essentially parallel to visual percepti-
on, then we may accordingly seek similar
stages in processing the sound informa-
tion. One of the crucial problems is
singling out particular sound features to
be assigned to higher levels of speech
perception. Since in processing the
speech signal the listener aims from the
very outset at grasping its meaning, the
features sought should be applicable to
asg big speech chunks as possible. Clear-
ly such features are most likely to be
prosodic (suprasegmental), i. e.
pertaining to intonation, stress (accent)
or tone.

One possible method of investigating the
relative role of suprasegmentals and seg-
mentals (syllables, vowels, consonants
in speech perception is artificial dis-
tortion of certain acoustic parameters
responsible for realization of particular
segmentals or suprasegmentals, which gi-
ves an opportunity to see their contribu-~
tion to the process. For instance, Price
and Levitt /I0/ report that insufficient
prosodic information makes the /8/ - 1&/
distinction unstable. They speak of pro-
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sody as of "an aid in initial parsing of
a sentence" (p. 302). In our view, such
data point to an hierarchically higher
role of prosody as compared to that of
segmentals.
Bosshardt /3/ has obgerved that if parts
of test sentences are interchanged (ecf.
Der Student schreibdt seine Arbeit in den
kalten Dachstube ~» In den kalten Dach-
stube der Student schreibt seine Arbeit
-» Seine Arbeit der Student schreibt in
den kalten Dachstube) the changes affect
comprehension because of the "perturba-
tions in the suprasegmental information™
(p0193). )
Krulee et al. /8/ argue that the prosodic
system is "regponsible for the segmenta-
tion of continuons speech into sentences,
phrases, and words. It attempts to estab-
lish a context within which a second sys-
tem, responsible for the processing of
words and syllables, can operate"(p.53I).
Th153 again, -1s tantamount to recognizing
an hierarchy of levels in speech percep-
tion, albeit somewhat narrowly under-
stood, for the interaction of prosody and
"a second system" is reduced to segmenta-
tion and identification respectively.
In what follows we sought to bring to
light the relative role of suprasegmen-
tals end segmentals by experimentally
changing the acoustic parameters respon-
sible for their natural relationship.
The present writers' previous fin -
obtained for Chinese and Vietnamese /6;
7/ have shown that syllable tones and
gegmentals behave differently in the
process of speech perception. When 'mono-
tonized' by means of vocoder technique,
i.e. deprived of the fundamental frequen-
cy differences responsible for the iden-
tity of lexical tones, the syllables are
recognized considerably worse. The confu-
sion of our 'toneless' syllables taken
at its face value would be a trivial
fact, for tones are known to be unalien-
able features of each syllable in Chine-
ge or Vietnamese. Yet, less trivial is
the quite consistent confusion of the
test syllables' segmental com-
ponents whose acoustic characteristics
were kept intact in our experiments. On
the other hand, white-noise masking(sig-
nal/noise ratio 0 dB), while resulting
in a drop in recognition scores for seg-
mentals, practically does not impair
thogse for tones. The latier results, al-
thogh quite natural, seem to be of cru-
_cial importence: in their absense one
might be tempted to argue that any in-
terference with the speech signal, what-
ever its nature, may lead to a poor re-
cognition of the signal in its totality.
However, our data seem to indicate that
the recognition of tones is a prerequi-
site to that of segmentals ~- but not
the other way round. In other words,
there must be an hierarchy in the pro-

cessing of segmentals and tones which
consists in the following: syllables are
classified into tonal categories and the
identification of segmentals is carried
out by the listener within thus previous-
ly determined tonal classes of the.syl-
lables. When this natural process is ma-
de impossible because of inavailability
of the tonal information, the listener
finds himself at a loss facing the neces-
sity of discriminating between all the
possible syllables insgtead of using the
overlearned strategy of operating within
a tonally delineated class. Hence the
gu%tiple confusions reflected in our
ata.
The general aim of the experiments repor-
ted in this paper is to find out whether
the process of speech perception in
stress languages such as Russian can be
visualized as structurally similar to
what has been observed for tone langua-
ges. If the hierarchical relationships of
perceptual strategies for stress langu-
ages do parallel those observed for tone
ones, then the place of syllable tones of
the latter should be teken up by word
stress patterns of the former, for func-
tions of the two are alike: in tone lan-
guages & tone marks prosodically a syl-
lable-morpheme, the basic operative unit
of the languages /5/, whereas in Russian-
type langueges it is the word prosodical-
ly patterned by means of stiress that is
:;; basic unit of a functionally similar
e.
For obvious reasons, it is more difficult
to artificially deprive syllables of a
siress-language word of their prosodic
features than to make Chinese or Vietna-
mese syllables 'toneless'. That is why we
regorted to a different experimental
technique, viz.: the final and the initi-
al unstressed.CV syllables of two conjoi-
ned two-syllable words spoken without a
pause were cut out so as to make one pse-
udo-word with both its syllables unstres-
sed,'e.g. X'IMU out of the sentence
/duX'I MUZej n'e pugal'i/ 'The ghosts did
not frighten our husbands'. As a result,
we obtained pseudo-words composgsed of two
stressless syllables. Similar pseudo-
words, this time trisyllables, were ob-
tained by means of mutual (crosswise)
transplanting of the syllables, e.g. out
of the two sentences: /a vot japonskaja
p'evica cus'ita/ and /a vot japonskaja
p'evica cus'{ta/ 'Here is Tsushita, the
Japanese singer', a third one was con-
structed, where all the constituent syl-
lables of the word /cus'ita/.were made un-
stressed. All in all, about 20 igolated
disyllables and the same number of tri-
syllables in carrier sentences were pre-
sented to 20 phonetically untrained sub-
ggcts. The subjects were asked to write
bgwn what they heard without leaving
anks. In both experiments (with di- and
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trisyllables) recognition scores for vo-
wels and consonants in 'stressless'words
have been found to drop noticeably down
to 60-T70 and 76-83 per cent in di- and
trisyllables respectively.

A word of caution would be in order here.
The expression 'gtressless', 'unstressed’
when applied to words, should not be ta-
ken without some reservation. The reason
is that the syllables of our pseudo-
words are really stressless only with
respect to their 'original' words. With-
in the artificial test words, the syllab-
les, from a perceptual point of view,

are to form a new syntagmatic hierarchy
of their own, because for a Russien spea-
ker/hearer independent 'stressless'words
simply do not exist. In short, stress
patterns of the pseudo-words are not ab-
gent but rather distorted. The same can
be sald of the 'monotonized' Chinesge and
Vietnamese syllables referred to above.
Turning back to the recognizability da-~
ta, we must admit that the low intelligi-
bility of the test words might be partly
attributable to less pronounced gyllable
contrasts which is characteristic of any
unstressed syllable /2/. Yet, there seems
to be every reason to belileve that what
has most affected the performance of our
subjects is the distortion of the stress
pattern, the identification of the lat-
ter thus being an important precondition

‘for the recogunition of segmentals -- vO-

wels and consonants. In other words, the
situation appears to be similar to that
observed for tone languages. It was more
han once suggested in literature, that
prosodic information is processed inde-
pendently of that concerned with vowels
and consonants. What is no less impor-
tant, prosodic information seems to be
processed pr ior to segmental in-
formation, which means, again, that per-
ception procedures are hierarchical in
nature: words appear to be clagsified
first according to their stress patierns,
and only then the identification of the
words, including the segmental composi-
tion, is carried out within the previo-
usly determined stress-pattern classes.
Both in tone and stress languages the
interrelationship of such hierarchical
processes exhibits the top-down direc-
tion, if we take suprasegmentals as be-
longing to higher levels of the phonolo-
gical component and segmentals to lower
ones.
In experiments with trisyllables it has
been also observed that the effect of
stress pattern distortion‘on recognition
of vowels and consonants 4s the least if
the 'de-stressed' word is to be found in
final position where sentence stress is
typically located. The data are reminis-
cent of the findings for measuring reac-
tion times in phoneme monitoring experi-

ments as reported by Foss et al. /4/. Ac-
cording to the authors, the targets on
words bearing sentence stress are respon-
ded to more rapidly then targets on words
outside the sentence stress. All such re-
sults seem to indicate that the percep-
tion of segmentals is dependent not only
on prior identification of lexical

stress pattern but also on that of sen-
tence intonational pattern (cf. Boss-
hard*s experiment referred to above).

In order to further probe into the natu-
re of the hypothesised relationship, we
designed one more experiment where dis-
torted was the sentence intonational pat-
tern. Out of two sentences of the type
/p'et'a igrajet na g'itar'e/ and /p'et’a
igrajet xarafo/ the third was constructed
by means of interchanging and trangplant-
ing the words, namely, /na g'itar'e ple-
t'a igrajet xaralo/ 'The guitar, Pete
plays well'. Similar test sentences were
constructed with meaningless words, the
words and the sentences being modeled af-
ter their meaningful prototypes, cp. /na
g'titar'e p'et'a igrajet xarago/ and (mea-
ningless) /na d'ikal'e t'ep'i udlor'it
Salaso/. 45 such sentences were presented
to the seme team of subjects, first I5
meaningless test sentences, then their I5
meaningful counterparts, and, last, cont-
rol original sentences.

The results show that the intonation pat-
tern distortion equally impairs  recogni-
zability of vowels and consonants. The
effect is especially significant for tri-
als with the meaningless sentences which
show 60-70 per cent recognition for seg-
mentals.

Our data do not provide a sufficient ba-
gig for determining whether recognition
of segmentals is directly dependent on
identification of intonation contours or
segmentals and intonational patterns are
associated via lexical .stress (the latter
option seems preferable).

As cen be seen, the 'top' -- i.e. the
higher level -- is not identified here
directly with semantics. At the.same ti-
me, it is precisely because of the imme-
diate association with communicatively
relevent meaningful units such as senten-
ces, phrases, words, that prosody takes
up the role of atarting point in speech
recognition processes.In fact,prosodic
description,i.e.a description in terms of
suprasegmentals, serves to provide a
first-approximation abstract representa-
tion of the meaningful unit to be recog-
nized. The representation is open either
to direct semantic interpretation (if the
context is highly suggestive) or to fur-
ther elaboration and transformation by
meaens of bringing into play additional-
low-level information about segmentals.
We are not going to argue that speech per-
ception is a unidirectional, strictly se-
rial process. Highly plausible is the
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existence of modules operating in paral- 6.
lel. Besides, if the initial hypothesis
about a word or, say, phrase is rejected
as violating some regularities of mapping
prosodic structures onto segmental ones
the process is started anew -- thus ac- 7.
quiring a shuttle-like character in its
functioning.
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AUDIOVISUALLY PERCEIVED "FPUSIONS" WITHIN DIFFERENT VOWEL CONTEXTS
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ABSTRACT “phonological fusions", for example
visual <ba> and acoustic (1lal are heard

This papey describes two experiments with as /bla/. Here it could be shown that
video dubbing. Subjects had to identify a perceived phonotactically regular combi -
talker's utterances of CV-syllables nations are much more sensitive to desyn-
within a sentence frame. The test chronisation than "fusions" are.
syllables had conflicting bimodal infor- The experiments presented in this paper
mation about place of articulation. By are concerned with the influence of
desynchronisation we wanted to examine desynchronization in different vocalic
the influence of timing phenomena with environments.
regard to different vocalic contexts. The
results show a main effect of “fused”
answers only in /a/-environment. A mis- EXPERIMENTS
sing visual consonantal articulation as
in the context of /u/ leads under certain In two experiments on audio visual
conditions to a systematic elision of the fusions we wished to test a 10-step-
jnitial acoustic stop consonant. desynchronisation continuum from 0 ms to

270 ms delay of the acoustic component
following the visual component of the

INTRODUCTION stimulus and the influence of the vowel
contexts /i, a, u/. He used three
H. McGurk and J. MacDonald 1976 [31  first acoustic realisations of each wvocalie
described the effects which result from context for dubbing.
presenting utterances of CV-syllables
with conflicting visual and acoustic Subjects o ]
initial consonants, namely that subjects 39 untrained subjects participated in
will hear the consonantal part of the experiment I and 30 udtrained subjects in
syllable as a function of the distribu- experiment II
tion of the consonantal information over .
the two modalities. For example a visual Stimuli )
<ba> combined with an acoustic [ga)l will a) Video recording. The recordings of a
be heard as a syllable containing both male speaker were done'in a sound-treated
consonants /b/ and /g/ but a visual <ga> studio using a Panasonic VHS system. Head
combined with an acoustic (bal will Dbe and shoulders were visible on the monitor
heard as a /da/. The first effect was screen in a straight front picture. The
called “"combination". the second effect talker was instructed not to move during
was called “fusion" Both these effects recording. A 1000 Hz sinusoidal reference
still work even if subjects know how they signal of 300 ms duration was generated
are achieved and they work after many re- periodically every 10 s by a PDP 11/50.
petitions as well. Every time the speaker heard the signal,
By systematic temporal desynchronisation he had to utter the following sentence
of the visual and the acoustic component with one of the test syllables: “Ich habe
of the stimulus Tillmann et al. 1984 [7] /ba, bi, bu, ga, gi. gu/ gesagt". To
looked for the characteristic temporal avoid misleading information about the
limitations of the effects. closing of the following stops, he was
In accordance with earlier findings of instructed not to close his lips-after he
audio-visual desynchronisation (Dixon & had said “"ich habe". Reference sxgnal'and
Spitz 1980 {1}) it could be shown again, utterance were recorded on the first
that a desynchronisation with the soundtragk ol the video tape. ] .
acoustic stimulus leading the visual b)Thg vxsugl component of the s@xmull. To
stimulus was generally more sensitive for obtain fusions we only used visual <ga,
being perceived as non-contradictorilly, gi, gu> and acoustic [ba, bi, bul
than a desynchronisation with the visual utterances. . i
stimulus leading. This greater tolerance For the visual components of the stimuli
for integrating conflicting information we used only one realisation of each
in the latter order as a manifestation of vocalic context. Cutting the tape was
a general principle wag refined by performed on Panasonic source and editing

further experiments leading to so called recorders with an editing controller unit
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. ; i i was confirmed by a different analysis
in such a way, that one visual sequence and a larg:; p:gzglafgzﬁai?g: g%o::eogezg Fig. 3 <gi>[bi} using orthogonal contrasts. The
for each vocalic context was1 arranged i::tigczfnute: 100 A differences between the average of the
according to the randomization plan. ) e " - ; 4 "fused" responses between step 1 and all
¢) The acoustic component of the stimuli. Atk zhe_eng oghgstsiﬁizivigg Sngeﬁzzc:fﬂz the other steps is significant (F(1,
Three realizations of /bas, /bi/, /bu/ fi e im ressions according to the second 7 1 3480) = 4.76418, p = 0.019 ¢ 0.05) as
were taken for dubbing the pictures. They t‘wg;gld‘zgtegory ] well as between step 9 and 10 (F(1, 3480)
were recorded on Revox and digitalized Following the "interview the subjects’ x " * = 6.39973, p = 0.007 < 0.05)
and stored on a PDP 11/50 for later purely auditory perception was checked by 1 e — X7 TN~ S e — ~* Summing up these results it can be
processing. Spectrographic measurements resenting 18 sentences flor demonstration 50 - * \\ stated, that the wvariable “fusion" s
and auditory comparisons showed no per- Pt without vision " dependent on the variability within the
ceptual differences. Therefore thettgree ut withou : J first and ninth step of the variable
acoustic realizations could be counted as . desynchronisation and on the variability
: e thin ol thres Steps of tne. variabls
tion. : : experiment I but only one vocalic con- 4 context. The influence of temporal shifts
d) Audio-visual dubbing of the stimull. t pé (/7a/ /L/ oé /i/) was presented 1in between visual and acoustic information
Editing the acoustic signals for dubbing Sah  of three  tests and no demonstration 1 is only relevant for the /a/-context.
was controlled on the PDP 11/50. The ea ded the test Here the total dura- After the test 33 subjects were
programs developed especially for experi- Erece ? test was 5 minutes. — T T 1 1 1 71 T T 1 interviewed. They were asked whether they
ments in the McGurk paradigm allowed the lon ot one tes 8 S had always heard an initial consonant,
geggng sgzﬁdtrac: gr thehvidgo Egpe to be 1 2 3 Yy 5 6 7 8 g 10 and which alternative of the second

ubbe wl exac esynchronization using . ; onse category the referred in each
the first period of the sinosoidal refe- RESULTS ‘: 1 a:;s:gy we?:“i;ﬁg::d a:hﬁepezfi?ziéc 5§§§1?c coniexg. v v.r
rence si i i realiza . . ;
proVidinggnath:nd ngéggzgi;t sfﬁ?i?éaiiii? Fig. 1, 2, and 3 show the percentage ol The data were interpreted in a two- ?"}YenthﬁgﬁmzufJeciz sﬁg?:gt2°sﬁlzrd’b;gj"
During the dubbing process the output of "fused” answers, that is /d/, for each of factorial design with the percentage of L e e T ents heard with very few
the reference signal was suppressed so the ten steps of desynchronisation, for "fused" answers as dependent variable. tions oil the  vowel /u/; some
that the test tape received the sentence each of three acoustic realisations  and An  analysis of variance with fixed LSS Sy ed o hard olottal attack
frames, the test syllables and for each vocalic context averaged about effects and repeated measurements showed subjectis mentio 9 L
’ y the pauses ; : : i The vowel alone was heard almost exclusi
e in relation to the visible articulation subjects. that interactions <could be discounted vel in /u/-context but never in /i/-
' and the randomizing plan. Fi 1 <ga>l bal (F(18, 34800 = 1.37005, p = 0.135 > y
9. g ; context.
} 0.05), that the influence of context is ¥ . £
100 significant (F(18, 3480) = 268.09046, p = Experiment II was a control experimen
. T g : N h o _ with regard to the mixed vowel condition
; PROCEDURE J 0.000 ¢ 0.05), as well as desynchronisa 4 " t 1 Fi 4 5. and 6 show
o : tion (F(18, 3480) = 2.51709, p = 0.007 < in experiment 1. Fig. %, 3
- In experiment I we had 90 stimuli rando- 7 7] 0.005), . _ Fla- 4 <ga>{bal
mized over 10 steps of desynchronisation E W@thin‘ a Log@t-Analygxs a model thhogt 10 =
‘ué (0 ms - 270 ms), three vocalic contexts x . significant interactions but on}y main d
g (sar, /u/, /i/) and three acoustic reali- E ~ - —x effects was found to be most suited to
i sations of each context. Vocalic context 50 - AN fit the experimental data. . . 7 ]
‘ and desynchronisation counted as,factors, X — X =y —x (The Goodness-of~-Fit test: Likelihood 4
the realizations as repetitions in a two- - AN P Ratio Chi Square = 23.85962; DF = 18; p =
factorial design. * 0.160 > 0.05. Pearson Chi Square = < "
Subjects were tested singly in the 1 23.57842, DF = 18; p = 0.169 > 0.05.) 50 _ \\ LS
speaker room of the recording studio. E In each factor (n-1%) steps could be ‘// x x
They sat at a distance of 3 m from a Sony evaluated in the analysis. With the 4 e o x— x
colour monitor with a tube of 68 cm in : : restriction it can be said that two *
diameter. Only one of the monitor's evaluated vocalic contexts (/a, u/) and b
loudspeaker was used and was placed on ! I | i I I ] i J i the first and the ninth step of desyn- 4
top of the monitor. Therefore we must chronisation are significant at the 5%
take into account about 10 ms delay of 1 2 3 4 5 8 7 g8 g 1@ level. (/a/-context: z-value = 8.14263,
acoustic information relative to visual . lower 95% confidence interval = 0.15816,
information due to the velocity of sound. Fig. 2 <guwifbul upper 95% confidence interval = 0.25843. | ! 1 1 | i | 1 | ! 4
The subjects read an instruction-sheet 108 /u/-context: z-value = =-19.92128, lower
before the tests started. They were asked 4 95% cI = -0.65215, upper 95% CI= - 1 2 3 4 5 6 7 8 9 1@ |
to make a binary forced-choice decision 0.53532. O ms desynchronisation: z-value Fig. 5 <gu>l bul |
about the identity of the initial 7 . ' = 2. 35305, lower 95% CI = 0.02161, upper ' .
consonant. On an answering sheet they 95% CI = 0.23718. 240 ms desynchronisa- 1880
X coulq choose to mark a /d/ answer, which ] tion : z-value = -3.88698, lower 95% CI = ]
iy we interpreted as “fusion” or to mark a - -0.33436, upper 95% CI = -0.11019)
' /b, g/ answer which we interpreted as no A contingency analysis for examination of 7 ]
fusion ) 50 the desynchronisation effect in each
It was pointed .out to the subjects, that A vocaliec context showed that only in the 1
a correct fullfillment of the experimen- /fa/-environment could an effect be 4
tal task was entirely dependent on the h attested. Because three dependent
’ fact that they 1looked at the speaker's * statistical tests were run over the same 50 -
' lips and answered which syllable they T ~N M X — K — x X data, significance was teted for the |
heard. - x—x ~ 7 lowered level 1-(1-0.05)'‘% = 0.016. (Chi
In a first demonstration the subjects had * Square = 27.02, DF = 9. Only for /a/ 1
j to respond to 18 syllables. The three I I T T T T T T | context we got p = 0.0014 ¢ 0.016. For i
| acoustic realisations were presented with /u/-context: Chi Square = 12.29, DF = 9,
a 30-ms- and a 270-ms-desynchronigation ) p = 0.19 > 0.0016. For /i/-context: Chi 4 .
for each vowel context, first /a/, then 1 2 3 4 5 ¢ 72 8§ 9 1 Square = 6.00, DF = 9, p = 0.74 > 0.0016) e ST, R S
/i/, and finally /u/. After a short break This explains the missing interactions { T ! T I | T I T
which could be wused for questions the between desynchronisation and context.
test was started. . The Logit-Analysis of desynchronisation 2 3 4 5 6 7 8 9 10
With a small pause after each !

sentence
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Fig. 6 <gi>lbi)
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In the /a/-context subjects could observe
a downward shift of the tongue body, {7} H. 6. Tillmann, B. Pompino-Marschall
which was clearly different from tongue U. Porzig, "The effects of visually
movement in the /i/-environment ending at presented speech movements on the
the teeth and therefore enforcing infor- perception of acoustically encoded
mation about a dental place of articula- speech articulation as a function of
tion, which led to highly "fused” acoustic desynchronization™, Proc. of
responses. As the statistical evaluation the 10th ICPhS, p. 496 - 473, 1984,
shows, the desynchronisation effect is
only significant in the /a/-context. This
might be explained by the specific ACKNOWLEDGEMENTS
tongue movement being clearly visible
In the /u/-context the protrusion of the Statistical advice was given by Dr.
lips totally masked all visible consonan- Alexander Yassouridis, Departement of
tal information. Therefore "fusions" did Biostatistics, Max-Planck-Institute for
not occur. In the first experiment the Psychiatry, Munich F.R.G.
’ra/- and /i/-contexts ©provided wvisual
consonantal information for fusions. In

comparison to these stimuli the visual
information in the /u/~context had a
special effect: subjects heard no oral
consonant at all. He call this effect
"elision",.

In the second experiment the different
result of the interview concerning the

/u/-context indicates that the visual
component of the stimulus 1looses its
influence, if no consonantal articulation

can be seen, Here integration of the
bimodal information did not happen and
subjects realized the contradiction of
. the information presented by both modali-
ties,
The effects of fusion and of elision in
the /i/- and /u/-context have in common
that they are not affected by desynchro-
nization within the temporal domain
tested in the experiments. The effect of
: desynchronization is specific only to the
! /a/-environment. Further experiments are
i necessary to investigate the bimodal tem-
poral relationships and the special
effect of elision.
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IN PERCEPTION AND PRODUCTION OF JAPANESE SPEECH
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ABSTRACT

In order to investigate sources which cause
errors in the performance of language, the
mechanisms of processing speech sound and letter
pattern are schematized based on the results of
analysis of the errors made by adults having
normal competence in various modes of performance
of Japanese language. First, all the steps of
processing involved in the primary and secondary
functions in listening, speaking, repeating,
silent reading, writing and copying are
formulated. Then, the process of reading aloud
and stenographing is formulated by combining the
processes of silent reading and speaking or those
of listening and writing, respectively, through
the steps of phoneme/letter conversion. Through
this modelling, it has become possible to simulate
systematically the sources of errors with special
regard to the interaction between phonetic and
literal components in perception and production of
Japanese speech,

INTRODUCTION

In the previous study on errors in
performance of the Japanese language made by
adults having normal competence (Reference), it
was shown that many of the errors, not only in
listening, speaking and reading aloud but also in
silent reading, writing and copying, that could be
explained either in the syntactic, semantic or
orthographic level were found to be related to the
phonetic level too. It was also shown that the
errors that could be explained in the orthographic
level occured even in speaking and reading aloud,
although they occured mostly in silent reading,
writing and copying.

The data were about 1,100 samples of errors,
in total, in the six modes of performance. The
errors which were related to the phonetic level
were 707 of the total errors. Among those, the
percentage for listening was 1007, and those for
speaking and reading aloud were 757 and 85%,
respectively. Even for silent reading, writing
and copying, the errors in the phonetic level were
found to be 257, 55% and 657, respectively.
Percentage of errors which were explained in the
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‘That of generating speech sound as oral

orthographic level were 35Z for silent reading,
70% for writing and also 70Z for copying. For
speaking and reading aloud, the errors in the
orthographic level were found to be a few percent.

In order to investigate in sources which
caused those errors, the mechanisms of processing
speech sound and letter pattern are schematized
based on the results of analysis of the data.
Modes of performance of language included in the
modelling are;

listening,
speaking,
repeating,

silent reading,
writing,

copying,

reading aloud and
stenographing.

MECHANISMS OF PROCESSING SPEECH AND LETTER

A1l the steps of processing speech sound
involved in the primary functions in listening and
speaking are schematized (Figure 1a). The
secondary functions such as prediction in the
process of listening and readjustment in the
process of speaking are formulated by connecting "
some parts of the steps invoived in the
complementary primary function.’

The primary function of extracting concept
from speech sound as auditory input in listening
is composed of the following seven steps;

acoustical analysis of cue (L1),
phonetic perception of feature (L2),
phonemic judgement (L3),

word identification (L4),

syntactic analysis (L5),

semantic analysis (L6) and

concept analysis (L7).

output from concept in speaking is composed of
semantic generation (S7),
syntactic assignment (S6),
lexical compilation (S5),
phonemic conversion (S4),
phonetic conversion (S3),
motor command generation (S2) and




acoustical synthesis of speech (S1).

processing speech sound such as word, syntax,

Each of the steps in the process meaning, concept and phonetic feature can be SPEECH SOUND , SPEECH PSERE

of speaking corresponds to one of those in the transformed into phoneme via the interconnections AUDITORY AUDITORY FEEDBACK 1 OUTPUT

process of listening, except for that the begween the grocess?s of lizteniﬂg ;nd speaking, INPUT

direction of flow from input to output is and converted into letter through the SE

reversed. interconnection between the mechanisms of NO&L]*— ACOUSTICAL AUDITORY SPEECH ACOUSTICQL o m%%SE
. processing speech sound and letter pattern. Then, ANALYSIS L1] ORGANS ORGANS |SYNTHESIS <

The outputs of the steps of extracting the letter pattern can be transformed into any of MOTOR
phonetic feature, phoneme, word, syntax, meaning the inputs or outputs of the steps involved in the ACOUSTIC ) COMMAND
and concept in the process of listening are mechanism of processing letter pattern such as CUE A '
transfered via interconnections (shown in dotted word, syntax, meaning, concept and orthographic § T e J MOTOR COMMAND
lines) to the corresponding steps in the process feature via the interconnection between the NL2{PHONETIC i SPEAKER ' ‘ENERATION 52| N2
of speaking as inputs, and the outputs of the processes of silent reading and writing. When PERCEPTION L2 :RECOGNITION: G
predictive trial in those steps are compared (in converted again into phoneme, they are accompanyed o> SR: TIC
CLS3, CLS4, CLS5 and CLS6) with the outputs of the by errors characteristic of the mechanism of PHONETIC Y bl A PH0¥ERE
previous steps in the process of listening, so processing letter pattern. "FEATURE y A"“- > FEATU
that the operations of the steps are modified Ty =T f"‘:i:‘ —————————————— A
according to the detected difference between them. The errors that occured in processing letter | 4§TORE‘

The inputs and outputs are stored in temporal pattern through the visual organs but were St T \ ML35)"C0MPARISON
memories (ML1, ML2, ML3, ML4, ML5, ML6 and ML7, explained best in the phonetic level can be NL33 |PHONEMIC <’ AN PHONETIC 53| <ns3
and MS1, MS2, MS3, MS4, MS5, MS6 and MS7) during simulated in analoguous way to the above. JUDGEMENT L3 : CLS3 CONVERSION
the operations. Those interconnections are :
utilized also for the readjustment in the process PHONEME : , PHONEME
of speaking. DISCUSSION it
«————— Yoo T A T >le—————

The mechanism of processing letter patterns In the previous study on errors in : : l§TOR€‘ ?
in silent reading and writing is schematized in an performance of Japanese language, it was shown ) yommmms =t ML45;"COMPARISON
analogous way to that of processing speech sound that many of the errors in silent reading, writing ! NL4-» |WORD L4} =’ R N ; PHONEMIC , <«Ns4 |
(Figure 1b). and copying that could be explained either in the ; IDENTIFICATION fe ) cLsa| CONVERSION S4 |

:Yntca’ctict.) sem]antic or orthographic level were | WORD 3 % : " WORD |

ound to be related to the phonetic level too, ) v . A
INTERACTION BETWEEN SPEECH AND LETTER while that the errors that Eou]d be explained in ; . A“": :
. ) the orthqgraphic level occured even in speaking I Y——————— T AT T T T T T T T T T T T T >A i

The process of reading aloud or stenographing and reading aloud. But, there has been no ; ATORE™ I
is fqrmuTated by gombining the processes of theoretical model which describe reasonably this : yTmmmT t \ MLSSf"COHPARISON LEXICAL |
reading and speaking or those of listening and essential aspect of language performance. NLS3 | SYNTACTIC -' N i 4|«Nss |
writing, respectively, through the steps of . | ANALYSIS L5 T CLSS COMPILATION S4| = |
phoneme/letter conversion. This provides the In this study, the mechanism of the I ' |
scheme which causes the interconnection between interaction between phonetic and literal ! SYNTAX | ¥ | SYNTAX |
the mechanisms of processing speech sound and components was explained, both theoretically and : "“: > |
Tetter pattern, ) eXPeY’TTE.NtBHé" thgough modelling various modes of | Y _’:1.— ——————— T T A |

perception and production of r,

In the process of reading aloud, letter based on the anglysis of erroige?ﬁhtagdpl$22$mance ! . pommm———— (SL825}<'COMPARISON :
extracted as the output of Tetter judgement (R3) of Japanese language. The model can be applied I NL6- | SEMANTIC -' ‘\_,' g LA NS6 |
in the process of silent reading is transfered to not only to the basic study of speech perception l ANALYSIS L6 CLS6 ASSIGMMENT S6}= |
the input of phonetic conversion (S3) in the and production processes but also to the ' I
process of speaking (as shown in dotted line) application such as automatic speech recognition l MEANING ) , MEANING |
through the step of phonological conversion (cop). and understanding. ' ]
In the same way, in the process of stenographing, ! Y-———————————————— - —_————————— >A ]
phoneme is converted into letter (as shown also in I !
dotted line) through the step of orthographic REFERENCE b L7 | concepT SENERATT Ns7 !
conversion (CPO) and transfered from the process | ANALYSIS L7 GENERATION S7| < |
of Tistening to that of writing. Shizuo Hiki: "An analysis of errors in the = ' CONCEPT I

' . . performance of the Japanese language," Journal of CONCEPT Y . |

By assuming all these mechanisms, possible the Acoustical Society of America, Vol.64 ' l

?°”r°es of errors in performance of Japanese Supplement No.1, p.S94, Fall 1978 (Program of the : Y e e T Y |

anguage, especially effects of letter pattern on Acogstical Society of America and the Acoustical 1
process1ng'speech sound and those of speech sound Society of Japan Joint Meeting, 27 November-1 l !
on processing letter pattern, can be simulated December 1987). ' '
systemetically. L 228 I e SRRy - S U G >

The errors that were explained best in the

orthographic level but occured in processing
speech sound through the auditory organs can be
simulated assfollows: Any of the inputs or
outputs of the steps involved in the mechanism of

Figure la.
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A MODEL FOR FILTERING AND ANALOG-TO-PULSE
CONVERTION ON THE PERIPHERY OF AUDITORY PATHWAY

N.G. BIBIKOV, N.A. DUBROVSKY, G.A. IVANITSKY, L.K. RIMSKAYA-KORSAKOVA, V.N. TELEPNEV

N.N. Andreev Acoustical Institute, Moscow, USSR, 117636

ABSTRACT

An approach based on modelling the significant
features of ‘auditory processing, according to
physiological evidence, provides a perspective
opening into future speech analysis techniques.

A nodel for information processing on the periphery
of auditory pathway is presented. The model accomodates
our knowledge of auditory nerve impulsalion patterns
and comprises a basilar membrane filtering, signal
integration and rectification, and an analog-to-pulse
convertion in first order auditory neurons which
possesses refractoriness. Inserting the accumulating
refractoriness in the model for auditory nerve

fiber provides realistic representation of the
short-term adaptabion phenomena. The patterns

of model reaction to tone bursts and stalionary
fragments of vowels are given.

The peripheral components of our model are represented
by a bank of linear bandpass filters for simulation

of the frequency selectivity of the inner ear[{],

and a receptor-neuron model is to simulate generation
of neural discharges. The impulse response of

the minimun phase filter is as follows

hCE)=(wet) expEa06t) sinfeet)

Here ¢ is the central frequency, and porameters 3
ond B define steepnes of the front and rear

slopes of impulse response. The specific vaiues

of paraneters & and B were chosen according

to known data on auditory pathway periphery impuise
responses. Both data on basilar membrane response

to short acoustical clicks [2] and data obtained

by reverse-correlation technique [3,4] were used.
The reverse correfalion between spike activity

of auditory nerve fiber and the noise slimulus

at input yields an estinate of impulse response.

The resultant qualily of filters used is not dependent
on central frequency being approximately 4.2

if measured for 10 dB SPL. We avoided the modelling of
conpressive non-linearity of basilar membrane
mechanical oscillations and limited ourselves

vith studies of relatively weak signals. In order

to take into account signal transformotions in

hair cells, a portial one-period rectification

was included in the model. Amplitude of signal’s
negative half-wave was three times less than the
positive half-wave, in accordance with physiological
data of Sellick and Russel [5]. After rectification
and filtering the signal was added to Gaussian

noise which provided random fluctuations of neuron
senbrane potential and presense of auditory nerve
fibers spontaneous activity. A sum of noise and
determinated signal then passed through the low-pass
filter with integration time-constant of 8.2 ms

thot corresponds to the known data on integrating
properties of hair cell - spiral ganglion neuron
dendrite system [6], and then fed the thresheld
circuit. We onitted mode!ling the phenonena of

first synapse neuro-transmitier depletion since

ve could not find direct physiological evidence

of this effect.

We paid much attention to modelling the postspike
changes in the auditory nerve fiber. This changes,
we consider, may play a significant role in coding
variations in signal omplitude. We tried to evaluate
refractoriness parameters from data oblaired by
Gaumond et al. [71. These outhors obtained hazard
functions for ouditory nerve fibers spontaneus
activily using large statistical selections.

Ve succeeded in making our model reproduce these
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Fig. 1. Hazard functions for spontaneous discharge of cat ouditory nerve fiber (laft) and for mode!
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Flg. 3. Autocorrelailon ond autoconvolutlon for model Impuisation .(lofi) c:: the

these functions (right).

functions. The best agreement with experimental
dota wos achieved when the model parameters were
as follows: standard deviation of intrinsic noise -
0.6 of threshold ot rest; obsolute refractoriness -
8.5 ms; relative refractoriness comprises two
‘phases” - "fost® ond “slow’ with the values

of time constonts 8.35 ns and 20 ms respectively
(fig. 1) [8]. The model, with porameters set to

these values, waos then exposed to high-frequency

‘tone bursts. These bursts, after rectification and

smoothing, become near!y rectangulor depoiarizing
pulses of 58 ms duration each. We were interesied

of finding out whether or not such o mode] will

shou the intrinsic short-term adoptation properties
typical to the auditory nerve fibers [91. Ii ’
reveales that the shape of the model post-stimulus-time

("]
difference between

histograms depends crucially on the mode of suamation
of threshoid elevations: namely, whether or not

" successive threshold elevations (relative o 20

vs "slow phase” refractoriness) are accumulated.
If, ot the end of chsolute refractoriness, the
threshold rises up to some fixed level, adeptation
reveals to be very short and insignificent. But

if, ot the end of cbsolute refractoriness, the
threshold increases for certain value beside the
value it have had just before the spike occurrence,
situation chonges radically. In this lotier case
of eccumulating refractory threshold changes

the mode! shous the intrinsic property of shori-tern
cdoptation and decrease in ability for excitalion
succeeding the end of stimulus (fig. 2).
Unfortunately we know few cbout the ouditory
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Fig. 4. Post-stimulus-tine histogroms of model’s 16 channels reaction to stationary fragments of vowel.
Channe! ‘s best frequency is on the right of any curve. Horizonlel axis represents time in seconds.

nerve refractory patterns. There are dota obtained

by Goumond et al. [7] showing successive inter-

spike intervals negative correlation; this corresponds
to accumulating refractoriness hypothesis. Some
additional data were published by Lutkenhoner’

and Smith [191. A simple method of detecting the
presense and measuring the time-course of accumulcting
refractoriness is provided by o comparison of

two funclions: the autocorrelotion of stationcry
spike train, ond the outoconvolution derived

from interspike intervals distribution obtained from
the some spike sequence. 1f there is no cccumuicting
refroctor iness, ond hence no interspike intervals
correlation, these functions ore identical. When
accumuiation is present, autocorrelation function
drives lower then autoconvolution function and

the difference between these functions represents

the time course of occumuloting refractoriness

(fig. 3).

The model thet includes oll stoges mentioned cbove

wos studied respective to some vowel-like signals.
Fig. 4 shows the behaviour of the mode! with total

of 1§ frequency channels that cover 118 - 808

Hz bond. There con be seen: 1)the ability to
distinguish forments; 2)clear representation of

noin tone with appropricte segmentation; 3)time
dispersion of low- frequency components; 4)distinction
of waveforn fine temporal peculiorilies. ‘
Ne do undersiand that the suggesied model represents
auditory periphery’s properties roughly enough.
Further development of the mode! implies involving
non-linear small signal omplificalion end lorge

signal compression mechonisms. The model, so modified,
would become free of dynamic ronge restrictions.

Our techniques may have much more of a physiological
ond speculgtive motivetion then o mathematicel

one. But we hope that involving such approach

nay become useful when designing speech recognition
systens with neurona!l interactions.

Se 44.4.3 69.




e e

REFERENCES

[1] Flanagan 6.L. Speech analysis, synthesis and
perception. Springer, Berlin - New-York, 1965.

[2] Robles L., Rhode V., Beisler C. Transient
response of the basilor mesbrone mecsured in

squirrel monkeys, using the Mossbauer effect.
J.Acoust . Soc. An., 59,926-839, 1976.

[3] Evons E., Palmer A. Dynamic range of cochlear
nerve fibers to caplitude-modulated tones. J.Physiol.,
828,33-34, 1984.

(4] Moller A. Frequency selectivity of single
auditory nerve fibers in response to broad band
stimli. J.Acoust.Soc.An., 62,135-142, 1977.

[5) Russel I., Sellick P. Low frequency characteristics
of intracellulary recorded receptor potentials

in the guinea pig cochlear hair cells. J.Physiol.,
338,179-286, 1983.

[6] Palmer A., Russel I. Phase-locking in the

cochlear nerve of the guineapig and its relation

to the receplor polential of inner hair cells.

Hear .Res., 23,1-15, 1986.

[7] Goumond R.P., Kolnar C.E., Kim D.0. Stimulus

ond recovery dependence of cat cochlear nerve

fiber spike discharge probability. J.Neurophysiol.,
48,856-873, 1882.

(8] Bibikov N.6., Ivanitsky G.A. A nodel for spnte-
neous discharge and short-tern adaptation in ouditory
nerve fibers. Biofizike, 29,141-145, 1985 Cin Russian).
[9] Kiang N. Discharge patlerns of single fibers

in the cot’s ouditory nerve. M.I.T. Press, Mass., 1965.
(18] Lutkenhoner B., Saith R. Popid cdoptation

of audilory nerve fibers: fine strusture at high
stinulus intensities. Heor. Res., 24,280-294, 1985.

70 Se 44.4.4



MOJIEJIb NEPUOGEPHYECKOI'O CJIYXOBOI'O AHAJIM3A M AJANTAIMH

B.C. WYIJAKOB

HHcTHTYT OQH3Honoruu um. U.il.llassiosa AH CCCP

JleHuHrpan

PESOME

OGCYEIApTCA 4YaCTOTHO-U30APATE/BHHE
cpoilcTpa mepudepUyecKOro OTLEena CLYXOBOI'O
QHANE3ATOpa U IPHUBOLATCA LONOMHUTEIBHHE
IOBOIOH B OONB3Y yYacTWsi axTMBHOIO M HEJd—
Hefigoro mexaHusMa B GOPMUPOBEHUMA 4YacCTOT-
HOfl u30MpaTenbHOCTM HA yPOBHE T'UIPOMEXaHH-—
KA y/IATKY BHyTPEHHEro yxa. Ha ocHOBE BHA-
BUHYTO# runoTesn 00 aKTUBHOM MEXSHUYECKOM
PacKauMBaHEM Ca3uIApHOE MeMODAHH HapyXKHH-~
My BOTOCKOBHMM KI€TKAMU HODPENIAIaeTCsa MO-
Ienb BIEMEHTAPHOIO 3BEHA M INPUBOLATCA €8
XapaKTEePUCTUKL .

CoBpeMeHEHE MUTepaTypHHE INAHHHE CBH=-
IeTe1bCTBYNT O TOM, YTO Y€ HA YpPOBHE Me-
XaHUYECKUX KONeCaHui Gasu/iaipHOA MeMOPaHH
BHYTPEHHEI'0 yxa 4YacTOTHasd u30MpaTeNbHOCTH
TaKasg ke, KAK 4 y Bce#k CIyXOBO# CUCTEMH

[4] . CremopaTensHo, HEOOXOLEMOCTE BO
"BTOpOM UIBTpe", LO LOCAEIHEr0 BPEMEHA
MEPOKO OCCYRIAaBleMCs B AATEpaType, OTIaza-
eT, B TakoM ciyuae BO3HEKAET BOLPOC, Ka-
KM o0pasoM (OpMEPYOTCA T€ 9aCTOTHO-U3CU-
paTe/bHHE XapPaKTepUCTUKM, KOTOPHE DPEerucT-
PHPYOTCA KAK HA pa3/MYHHX yPOBHAX Oepude-
puYecKoit yacTu CIyxoBo# CHCTEMH:Casmaip-
HOoft MemCpaHe, peUENTOPHHX KJAETKAX,BOTOK-
Hax CAyXOBOr'0 Heppa,Tak ¥ B INCUXOAKyCTHYEC—
KUX SKCHEepUMeHTax. llepeyuciuM OCHOBHHE KX
ceoficrea: I. YacTOTHO-U3CGMpaTEIbHHE KpU-
BHE€ NP CpaBHETEIBHO HECOIbmOZ ILOCPOTHOC—
T4 (mopsanka I0) mMepT BecbMA BHCOKYR KpPy-
TU3HY CNama KARK B CTOPOHY BHCOKUX, TaK H

JI.B. JIECOT'OP

X.M. JOJIMA3BOH

HHCTHUTYT peuenBol CBA3H
I'peHo6nr, OpaHuus

B CTOpPOHY HU3KUX 4acTOT, LOCTUranILyn Hec-
KOMBKUX CcOTeH nb Ha Okrary. IIpy 3TOM KO-
5(QUIMERT HEPaBHOMEPHOCTY KDUBHX (B HHO-
CTpPaHHO# mATepaType HCHOAL3YETCA TepMUH
"pik -taif parameter ") MomeT mocrararh
70 b u Gonee. IpexcraBniercd, UTO Taxkue
{I0 CyWecTBY HONOCOEHE, XapaKTepUCTUKE MO-
T'YyT OHTH HOJAYyYEHH /b B CHCTEME C OYEHE
BHCOKUMU JOCPOTHOCTAMM 5AEMEHTADHHX 3BEHBb~
€Bes ¢ YACTOTHO-U30HpaTEJbHHE KpUBHE HE-~
nuHeliHH IaBHHM 00pasoM, B OGIACTU 4acToT
pe3oHaHca; Ha yAAlEHHHX OT Pe30HaHca dac—
TOTaxX CcHCcTeMa JumMelna., Jpyramu cropamu,
nepufeprueckiit OTHen opraHa ciyxa oonana-
€T 9aCTOTHO-3aBUCHMOR He uHeAHOCTEW.3.He-
IMHeHOCTF aMIIIMTYIHOR XapaKTepACTHRY Ie-
pugepUuecKoro OTHe/la CAyXa B HAuOOabmed
Mepe IPOABLAETCA IOPU MA/HX B CPENHHAX yPOB-
HAX cEreEanos (or 20 o 70 1B); npz Gors