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DURATION: MEASUREMENTS, PHONOLOGICAL FUNCTIONS,
THEORETICAL IMPLICATIONS

ILSE LEHISTE

Department of Linguistics
The Ohio State University
Columbus, OH 43210-1229, U.S.A.

ABSTRACT

The paper starts with a survey of  the
linguistic functions of duration. A specific
case is then discussed in greater detail: the
durational structure of Estonian disyllabic
words with a threeway quantity contrast.
Measurements show that the durations of the two
syllables exhibit the following typical ratios
for the three quantities: Quantity 1 - 2/3,
Quantity 2 - 3/2, and Quantity 3 - 2/1.
Listening tests, wusing white noise signals,
were given to 28 English-speaking and 28
Estonian-speaking listeners. The results
showed that both groups perceive duration
ratios of 2/3 as distinct from duration ratios
of 3/2 and 2/1, but that they do not use
duration ratios to separate the latter two
quantities. ’

DURATION: MEASUREMENTS, PHONOLOGICAL
FUNCTIONS, THEORETICAL IMPLICATIONS

The general theme of this session is "The
role of phonetics in linguistic theory". This
is a vast topic; I . doubt whether I could do
Justice to it in anything shorter than a
book-length manuscript. There are two
alternatives-—to survey the ' field at a very
general (and probably somewhat superficial)
level--or to narrow the topic so it could be
treated at reasonable depth. I have decided in
favor of the second alternative, and after a
very brief survey, I will treat one subtopic in
somewhat greater detail. A considerable part
of the past thirty years, I have studied the
temporal organization of spoken language; but
there is still very much left to discover, and
it so happens that I also still have something
new Lo say.

Let us start with a survey of the various
functions of duration.
.topic before in a fair pumber of publications,
and I have summarized the results of my own
work, and that of others, in a paper entilled
"The many linguistic functions of duration”
(lLehiste 1984). While new details have been
added to our knowledge since that time, the
general picture does not seem to have changed,
at least not as far as I am aware, so I will
summarize briefly the findings presented in
that paper. References to work by other
scholars, up to the year 1984, will be found in

Pl 4.1.1

I have treated this’

that publication; I have added some more recent
references to the bibliography of the current
paper.

As a start, I would classify the linguistic
functions of duration as follows.
1. Duration serves to establish the identity
of a segment.
2. Duration serves to specify the meaning of a

word. According to structuralist terminology,
this would be called phonemic duration or
quantity.

3. In many languages, duration is a strong cue
for stress and emphasis.
4. Duration serves to indicate the position of
a linguistic unit within, a higher-level
linguistic unit:
the position of a segment within a
syllable
the position of a syllable within a
word .
the position of a word within a phrase
and a sentence )
the position of a sentence within a
unit of discourse
5. Duration functions in establishing bound-

. aries between linguistic units.

When we talk about the role of duration in
establishing the identity of a segment, we are
dealing, first of all, with non-contrastive,
intrinsic duration. It is well known that some
sounds are longer than others, all other
factors being kept constant.  There are also
language-specific durational phenomena at this
level: subphonemic differences between sounds
can serve to identify the sounds, even though
such differences are not used independently for
contrastive purposes. For example, in English
duration serves as a strong perceptual cue
distinguishing certain inherently 1long and
short vowels, and duration of a syllable
nucleus serves as a cue to tLhe voicing or
voicelessness of a postvocalic consonant.

There are also many languages in which
duration can be independently contrastive at
the segmental level; at least that is the
traditional way of analyzing oppositions
befween long and short vowels and consonants in
languages like Finnish. I believe, however,
that ° in most cases contrastive segmental
duration is further modified by durational
patterns that apply at the next higher



levels—at least at the level of syllables and
words. Contrastive segmental duration is
integrated into durational patterns that apply
at higher levels.

I will come back to that later in the
current paper, when I present some new data.
Let me mention just now that in Estonian
polysyllabic words, the durational pattern is
normally distributed over a disyllabic
sequence. Thus the durations of the first and
second vowel in minimal triples like sada -
saada! - saada have an inverse relationship:
lengthening of the first vowel is accompanied
by shortening of the second vowel. The
relationship between the durations of the two
syllables appears to play a strong role in the
listener’s perception of the identity of the
word; the durational pattern ‘has the whole
disyllabic sequence as its domain.

One result of the temporal relationships
just referred to is to keep the duration of
disyllabic words approximately constant--at
least there is a clear tendency for maintaining
something that might be called the "temporal
integrity of the word". This means also that
the duration of a syllable depends on the total
number of syllables within «the word: the
tendency to keep the duration of the word close
to some average level causes the syllables to
become shorter when there is a larger number of
them in the word.

Studies by Nooteboom (1972) and Lindblom
and Rapp (1973) have shown for Dutch and
Swedish respectively that duration of a
stressed long vowel is longest in monosyllables
and decreases systematically with the addition
of further unstressed syllables. Tarnoczy
showeg that for Hungarian already in 1965
(Tarnoczy 1965). In a study which I published
in 1975 (Lehiste 1975a) 1 showed that in
English, a stressed syllable nucleus is longest
in a monosyllabic word and shorter in
polysyllabic words; I showed likewise that a
stressed syllable is longer than an unstressed
syllable in the same position, and that a
syllable in final position is longer than the
same syllable in non-final position.

1t is thus clear that the position of a
syllable within a word influences its relative
duration. As part of the same study, I also

found that the duration of a test word depends
on the length of the frame in which it
appears: test words were longest in the
shortest frame, and shorter in two long frames
used in the study. The way the duration of the
test words interacted with the duration of the
frames shows‘ that the speakers integrate the
te§t words into the utterance at the level at
ghlch the time program for the whole sentence
is generated.

I got similar results in my first study of
paragraph structure (Lehiste 1975b): sentences
were _longer when they were produced in
isolation, and shorter when they were part of a
paragfaph—~which indicates that the temporal
planning extends to units larger than a singl
sentence Furthermore Bt

. ¢, sentences in {inal

10

position within a paragraph were longer than
the same sentences when they occurred in
jnitial or medial position within a paragraph.

This lengthening is part of a more general
process which I have called pre—boundary
lengthening. Pre-boundary lengthening is also
used extensively to indicate the position of
syntactic boundaries within a sentence. I have
carried out several studies of pre-boundary
lengthening, relating it to the rhythm of the
spoken utterance. In this context, I would
like to review briefly my first study dealing
with the disambiguation of syntactic ambiguity
(Lehiste 1973). In that study, listeners were
able to identify correctly such sentences in
which difference in meaning was correlated with
a difference in surface syntactic bracketing.
Successful disambiguation was achieved when the
speakers had increased the interstress interval
that contained the relevant boundary. The
speakers had used several ways to achieve the
same aim; the most straightforward one was the
insertion of a pause, but equally successful
were other means like the lengthening of one or
more segmental sounds preceding the boundary,
i.e. pre-boundary lengthening.

My further studies of the relationship
between syntactic and rhythmic structure of
English sentences lead to the postulation of a
connection between rhythm and syntax that
operates in the following way. Speech is a
rhythmic activity, as are most motor activities
performed by human beings. Stressed syllables
carry the greatest amount of information;
therefore, attention has to be focussed on the
stressed syllables. This is facilitated by
setting up an expectation as to when the next

stressed syllable is likely to  occur.
Producing sentences in such a way that stressed
syllables occur at regular intervals
contributes to optimal perception by the
listeners whose attention is cyclically

directed to the points in time at which the
stressed syllables can be expected to be found
(Martin 1972, Cutler and Darwin 1981).
Furthermore, a disruption of the expected
pattern--namely, lengthening of an interstress
interval--can be used to convey crucial
information about syntactic structure: the
placement of a syntactic boundary. At least in
English, the syntactic structure of a sentence
is thus to a considerable extent manifested in
the timing pattern of that sentence when
produced orally by a native speaker of the
language. Timing appears to me to be primary;
whatever other cues may be present, they play a
less effective role.

I base this claim on a study in which it

‘was shown that syntactic boundaries can be

effeclively recognized when the test sentences
have been reduced to monotone, thus eliminating
any possible contribution from fundamental
frequency (Lehiste, Olive and Streeter 1976).
In a later study (Lehiste 1983), 1 confirmed
these results from the point of view of
perception, and provided additional evidence
from the point of view of production.
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In this brief survey of the linguistic
functions of duration, I have discussed the
function of duration in establishing the
identity of a segment; I have talked about
contrastive duration at the word level; I have
also discussed the ways in which duration
functions to indicate the position of a
linguistic unit within a higher-level
linguistic unit, and the ways in which duration
functions to establish boundaries between
linguistic units. I have not talked much about
duration as a cue to stress and emphasis—mainly
because by now this function of duration
appears to be generally known and accepted.
(For a recent treatment of the topic, cf.
Beckman 1986.) There may be other linguistic
functions of duration that I have uninten—
tionally overlooked. But I hope the general
picture is clear: duration plays a part at a
number of levels, and no linguistic description
of a language is complete without reference to
the function of duration within the system.

I would like to return now to a very
specific case in which the role of duration
appeared to me to need further study. This is
the question of the ‘three-way contrast between
disyllabic word structures in Estonian--a topic
that has considerable theoretical interest.

In my first extensive study of segmental
and syllabic quantity in Estonian (Lehiste
1960), 1 made the observation that the factor
that determined whether a disyllabic word was
in quantity 1, 2 or 3 was word structure—-more
specifically, the ratio between the durations
of the first and the second syllable. Listen-
ers assigned the word to quantity 1, when
speakers had produced the word in such a way
that the ratio was approximately 2 to 3; the
word was assigned to quantity 2, when the ratio
was approximately 3 to 2, and to quantity 3,
when the ratio approximated 2:1. The average
durations of the syllables analyzed in the
study were 106 end 151 msec for words in quan-—
tity 1, 295 and 187 for words in quantity 2,
and 435 and 195 msec for words in quantity 3.

Duration of the first syllable is, of
course, contrastive at the syllabic level; the
average durations of the first syllable can be
classified into the three categories of short,
long, and overlong, as has been traditional in
Estonian phonetics and phonology. And the
durational differences are accompanied by
different fundamental frequency patterns. All
three factors are phonetically present; several
linguists have been interested in determining
the hierarchy of importance among these three
factors, and much work has been done in the
description of the three-way quantity
opposition in Estonian. Let me mention here
just the most recent papers by Arvo Eek and
several other scholars associated with the
Institute ' of Language and Literature of the
Estonian Academy of Sciences and Tartu
University (cf. Eek 1983, which contains these
references).

In his very thorough study of 1983, Eek
related the ratios between syllable durations
to 'speech tempo and to fundamental frequency
patterns within the disyllabic sequence.
Basically, words were heard as being in
quantity 1, when the ratio of the second vowel
and the first vowel was equal to or larger than
1.2. The word was assigned to quantity 2, when
the ratio V2:Vl was between 0.57 and 0.81, and
to quantity 3, when the ratio was equal to or
smaller than 0.43. Differences in tempo and in
Fo played important roles. According to Eek’s
study, quantities 1 and 2 differ primarily in
duration, since Ql could be turned into Q2 and
vice versa . by manipulation of duration alone.
Additional phonetic features are required for
the perception of Q3.

I had a problem with the ratios described
by Eek: they are presented as having a fairly
large range of values, and these values
appeared too precise and too complex. Already
in 1960, I had described the ratios in terms of
simple numbers: 2:3, 3:2, 2:1. It seemed
intuitively obvious to me that contrastive
structures would be based on simple notions;
and it appears that there is some experimental
support to this idea. I would like to
summarize now a paper by Dirk-Jan Povel
entitled "Internal representation of simple
temporal patterns" (Povel 1981).

Povel started from a study by Fraisse
(1946), who had discovered a remarkable
phenomenon in the production and perception of
durations. Fraisse found that subjects who
were asked to produce temporal patterns by
tapping basically used only two durations; the
longer duration was typically approximately
twice as long as the shorter duration, with a
ratio of 2:1. Povel investigated the
limitations present in the perception of
temporal sequences by having subjects imitate
sequences of 150-msec beeps whose onset
intervals were varied in a systematic fashion.
The duration ratios of the intervals between

beeps were  relationships numerically
expressible as 1:4, 1:3, 2:5, 1:2, 3:5, 2:3,
3:4, and 4:5. (Note that Povel always

presented the shorter duration first, resulting
in ratios smaller than 1.) The results of two
experiments yielded the finding that the only
duration ratio that was correctly reproduced
was 1:2 (i.e. .50). The errors in production
were systematic: there was a tendency toward
the 1:2 interval ratio, so that smaller ratios
were increased and larger ratios were made

smaller. For example, a ratio of .40 was
reproduced as .45, and a ratio of .66 was
reproduced as .49. Under certain special

conditions set up for a third experiment,.
subjects were also able to imitate interval
relations of 1:3 and 1:4 accurately in the
contexts used in the experiment.

Povel carried through his experiments at
Indiana University, and his subjects were
presumably native speakers of American
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English. It is legitimate to ask whether
gsimilar results would be obtained, if the
subjects were speakers of a language in which
duration plays a contrastive role. The
experiments which I am about to report were
carried out to test precisely this question:
are there any differences in the perception of
durational ratios that are correlated with the
linguistic A use of duration in the native
language of the subjects being tested. The
experiments were carried out in collaboration
with Dr. Robert Fox at the Ohio State
University,, and will be described in more
detail in a joint publication (Fox and Lehiste,
in preparation).

let us recall here that in Estonian, there
exist sets of three minimally contrastive
disyllabic words, consisting of the same
segmental sounds. One measured characteristic
of such words is the durational ratio between
the two syllables, which I had already in 1960
observed and formulated as ratios 2:3 for words
in Ql, 3:2 for words in Q2, and 2:1 for words
in Q3. A considerable literature has grown up
in the meantime; the work of Eek is particu-
larly significant in this context (cf. Eek
1983). There is no doubt that measurements do
not yield very precise ratios, and that there
is a certain emount of variation to be found
under different speech conditions. Other
phonetic factors are likewise present in spoken
utterances, such as the duration of the first
syllable nucleus itself (relative to some
possible average internal standard) and -the
fundamental frequency contour applied to the
disyllabic sequence. Which of these phonetic
factors is contrastive needs to be established
by means of listening tests—-measurements alone
are not enough. -

The theoretical interest of the problem is
at least two-fold. There have been linguistic
schools that claim that all linguistic
oppositions are binary; sounds can be short or
long, there are no three—way durational
contrasts. Fraisse's and Povel’s findings seem
to support this point of view. If speakers of

a language with a three-way quantity opposition.

likewise can only identify durational ratios of
1:2, the three-way opposition must be
manifested by other means. If, however,
speakers of such a language can identify
additional durational ratios, especially such
that occur in their native language, then it is
%rue that the native language of a subject
influences his performance in psychoacoustic
tests. .

Our experimental procedures differed
c?nsiderably from those used by Povel, since we
did not just want to replicate his experiment,
bgt wanted to use stimuli that could be
directly related to Estonian disyllabic word

patterns. We used pairs of noise bursts with
controlled durations. The ratios that we
employed were those found in Estonian

disyllabic words: 2:1, 3:2, 2:3, and 1:2

numerically equal to 2.0, 1.5, .66, and .5. I;
Povel’s study, the first lemporal interval was
always shorter than the second; he seems to

have assumed that the ratios 2:1 and 1:2 are
perceived in the same fashion, but since in
Estonian, quantities 1 and 2 contrast, having
the ratios 2:3 and 3:2 respectively, we felt
that this assumption would not be justified.
The ratio 1:2 was included for symmetry’s sake,
even though it is not regularly found in
Estonian disyllabic words.

Each experimental trial consisted of
presenting two such paired signals, separated
by very short pause. The subjects were asked
to state whether the duration ratio of the
first noise sequence was the same as or
different from the durational ratio of the
second noise sequence. There was a 500-msec
pause between each experimental trial.

We wanted to ensure that subjects were
comparing duration ratios and not, for example,
the durations of the first noise burst in each
sequence. (This would be comparable to
assigning an Estonian disyllabic word to a
quantity category on the basis of the duration
of the first syllable.) With this concern in
mind, a second factor was introduced in
constructing the experimental tokens: overall
duration of the noise sequences. In
particular, in half of the noise sequences, the
duration of noise bursts 1 and noise burst 2
summed to 350 msec. In the other half of the
sequences, the noise burst summed to 450 msec.
Sequences with the same overall duration
(LONG-LONG or  SHORT-SHORT) alternated, in
random order, with sequences of different
overall durations (SHORT-LONG or LONG-SHORT).
It was hoped that in this way duration ratio
differences among the experimental trials would
not be confounded with noise burst duration
differences. These factors were explicitly
discussed in the instructions, and examples of
duration ratio differences vs. overall duration
differences were included at the start of the
stimulus tape. Equal numbers of "sames" -and
"differents" were included in the experimental
tape, and subjects were also informed of this
fact so that their responses would not b€
skewed in one direction or another. Guessing
was encouraged. In the actual administration
of 'the test, subjects were asked to encircle
the appropriate letter (standing for "same" or
"different") on the test sheet.

The test was first administered to 28
subjects at The Ohio State University in
Columbus. These subjects were native speakers
9f English, with minimal exposure to languages
in which duration plays a contrastive role.
The same test, using identical tapes, but
appropriately translated instruction and test
shee?s, was administered to 28 subjects in
Tal%lnn. (The help of colleagues Arvo Eek,
Mati Hint, and Kullo Vende in carrying out the
tesﬁs is  gratefully acknowledged.) These
subjects had Estonian as their native language,
and they were tested in Estonian. The analysis
of the responses was carried out in Columbus.
Detailed results will be presented in a
separate  publication (Fox and Lehiste, in

preparation); below are some preliminary
results.
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The results are presented in the form of
five tables. The first four tables have the
same structure. The ratio of the first
sequence is indicated on the vertical axis, the
ratio of the second sequence on the horizontal,
axis; the numbers in the cells of each matrix
represent the percentage of "SAME" responses.
Table 1 gives the responses of English
listeners to stimuli in which both sequences
had equal durations.

Table 1

Percentage of "SAME" responses given by
English-speaking listeners to pairs of stimuli
consisting of a sequence of two noise bursts.
Ratio of the noise burst durations of the first
sequence 1is indicated on the vertical axis,

ratio of the stimuli of the second sequence on '

the horizontal axis. Both sequences had equal
total duration.

Ratio of second sequence
1:2 2:3 3:2 2:1

Ratio 1:2 93.9 77.7 18.3' 11.6
of 2:3 78.6 92.3 33.0 17.9
first 3:2 18.3 14.7 93.6 91.1

sequence 2:1 14.2 15.2 89.2 93.3
/

Table 2 presents the same information for
English subjects reacting to stimuli in which
the two sequences had different durations.

Table 2
Percentage of "SAME" responses given by

English—-speaking listeners to pairs of stimuli
consisting of a sequence of two noise bursts.

" Ratio of the noise burst durations of the first

sequence is indicated on the vertical axis,
ratio of the stimuli of the second sequence on
the horizontal axis. The sequences differed in
duration. ’

Ratio of second sequence
1:2 2:3 3:2 21

Ratio 1:2 63.8 50.9 15.2 17.4
of 2:3 51.3 60.7 22.3 13.8
first 3:2  12.1 16.5 69.0 62.1

sequence 2:1] 11.6 10.7 52.2 175.4

Table 3 shows the responses of Estonian
listeners to  atimuli in which both sequences
had equal durations; Table 3 thus corresponds
to Table 1.

Table 3

Percentage of "SAME" responses given by
Estonian—-speaking listeners to pairs of stimuli
consisting of a sequence of two noise bursts.
Ratio of the noise burst durations of the first
sequence is indicated on the vertical axis,
ratio of the stimuli of the second sequence on
the horizontal axis. Both sequences had equal
total duration.

Ratio of second sequence .
1:2  2:3 3:2 2:1

Ratio 1:2 96.7 89.7 10.7 9.8
of 2:3 85.7 95.5 18.8 8.9
first 3:2 6.7 12.9 97.6 93.3

sequence 2:1 5.8 6.3 93.3 98.7

Table 4 presents the responses of Estonian
listeners in cases in which the sequences
differed in duration; Table 4 thus corresponds
to Table 2.

Table 4

Percentage of "SAME" responses given by
Estonian-speaking listeners to pairs of stimuli
consisting of a sequence of two noise bursts.
Ratio of the noise burst durations of the first
sequence is indicated on the vertical axis,
ratio of the stimuli of the second sequence on
the horizontal axis. The sequences differed in
duration.

Ratio of second sequence
1:2 2:3 3:2 2:1

Ratio 1:2 61.6 52.2 9.8 10.3
of 2:3 45.5 53.7 12.9 8.9

first 3:2 8.9 14.2 68.1 53.5

sequence 2:1 7.6 6.3 52.2 73.8

Let us compare first Tables 1 and 3 with
Tables 2 and 4. The cells starting at the top
on the 1left and descending diagonally show the
identification as  "SAME" of signals in which
the ratios were in fact identical (e.g. cases -
in which the first sequence and the second
sequence both had ratios of 1:2). Correct
recognition was evidently more difficult in
cases when the sequences differed in duration:
the percentages in the cells constituting the
diggonal are considerably lower in Tables 2 and
4, also indicating, among other things, that
the two groups of listeners reacted to the
differences in overall sequence duration in the
same general fashion.
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The results presented in Tables 2 and 4
reflect listeners’ reactions to ratios in cases
in which the overall -duration of the stimuli
provided a conflicting cue: they were identi-
fying sequences as "same” in spite of the fact
that overall durations were clearly different.
on the basis of durations alone, the listeners
should have identified all the stimuli serving
as basis for Tables 2 and 4 as rdifferent”; and
if they had been simply guessing, the scores
would have been close to 50%. It is obvious
that in many cases, listeners were able to
jdentify ratios correctly even when the signals
differed in duration; the statistical
significance of these results will be discussed
in detail in the forthcoming publication
referred to earlier (Fox and Lehiste, in
preparation).

Let us 1look now at the four tables from
the point of view of successful discrimination
between the four ratios. Here the results are
likewise quite clear: the listeners, both
English-speaking and Estonian-speaking,
recognized only two contrastive patterns——
sequences that had a first element that was
longer than the second element, and sequences
that had a first element that was shorter than
the second element. This result emerges from
the fact that ratios 1:2 and 2:3 are not distin-—
guished from each other, the same being true
for ratios 3:2 and 2:1. The percentage of
"ecorrect positive" decisions is somewhat higher
than the percentage of "incorrect positive"
decisions, but the difference appears not to be
statistically significant.

What about the difference between the
linguistic backgrounds of the two groups of
listeners? Table 5 provides some information
that is relevant in the present context.

Table 5

Average percentages of "SAME" responses given
by English-speaking and Estonian-speaking
listeners to pairs of stimuli consisting of a
sequence of two noise bursts. "Correct
positive" refers to cases in which duration
ratios that were actually identical were
identified as "SAME". "Incorrect positive"
refers to cases in which duration ratios of 1:2
and 2:3 on the one hand, and 3:2 and 2:1 on the
other hand, were identified as "SAME". "Wrong"
refers to cases in which ratios of 2:1 and 2:3,
or 1:2 and 3:2, were identified as "SAME".

Average Average Average
"correct" "incorrect "wrong"
positive" positive"
English- 80.3 69.1 16.4
spesking
Estonian—- 80.6 70.7 9.9
speaking

—_——"-.—_—:————

This table presents average percentages,
calculated on the basis of the data presented
in Tables 1-4. Average ‘"correct positive”
decision refers to cases in which, for example,
the ratios of 2:1 and 2:1 were identified as
"SAME". "Incorrect positive" refers to cases
in which, e.g., the ratios 2:1 and 3:2 were
identified "as "SAME". Average "wrong" decision
gives the percentage of "SAME" decisions
involving pairs of opposite durational ratios
(e.g. 2:1 and 2:3). And it is here that a
difference between English-speaking . and
Estonian-speaking listeners  emerges: the
Estonian-speaking listeners appear less likely
to call such ratios "same". The difference of
6.5 percentage points is in fact significant——
and it is the only significant difference
between the two groups of listeners.

Let us return now to the theoretical
questions that were raised at the beginning of
the paper. The listeners seem in fact to have
been capable of distinguishing between shorter
and longer signals, and to have been able to
decide whether the first or the second member
of a sequence was longer. Under the conditions
of this experiment, the listeners did not
distinguish between the ratios 1:2 and 2:3 on
the one hand, and the ratios 3:2 and Z:1 on the
other hand. The linguistic background of the
listeners did not have any effect on this
aspect of the outcome; but Estonian listeners
were much less likely to confuse the ordering
of longer or shorter elements within a sequence
than were English-speaking listeners.

From the point of view of Estonian
prosody, the following conclusions may be
drawn. The results clearly show that words in
Q 1, with a duration ratio of 2:3, are
perceived as distinct from words in quantities
2 and 3, with duration ratios 3:2 and 2:1.
These two long quantities, however, are not
distinguished on the basis of duration ratio.
Since under normal conditions listeners do
indeed recognize the difference between words
in quantities 2 and 3, other phonetic factors
must provide the decisive information.
Fundamental frequency contours are the most
likely candidate, but further research may
bring new information and new ideas. The
present experiment suggests that Estonian
should rightfully be considered an saccent
language, in which other phonetic factors
besides durational ones play a significant
role. The experiment also demonstrates that
phonetics does indeed provide crucial
information that must be taken into account
when questions of linguistic theory are to
receive satisfactory solution.
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ABSTRACT

The ability of a patient suffering from loss of
oral sensibility to produce acoustically accurate
vowels 1in the presence of a bite-block, both with
and without additional auditory masking, was exa-
mined. The results indicated that in the absence
of oral afferent information articulatory compen-~
sation was forced to rely on auditory feedback.

INTRODUCTION

Bite-block experiments have been a popular means
of investigating the articulatory system's compen-
satory abilities, especially regarding the speed

+ with which compensation is achieved and the neces-
sity for various forms of feedback. Lindblom,
Lubker and Gay /4/ reported for isolated vowels
almost perfect articulatory compensation for the
presence of a 22 mm bite-block, even when formant
measurements were made at the first glottal
pq]se. The question of whether production of
bite-block vowels suffers when sensory infor-
mation from the oral region is suppressed was
addressed by Lindblom, Lubker and McAllister /3/
and Gay and Turvey /1/. The former reported
d1st9rted formant: values when the bite-block
condition was combined with anesthesia of the
oral mucosa; the latter also reported distortion
but only when sensory deprivation also inc]ude&
temporo-mandibular nerve-block. The results of
these two experiments were interpreted by Perkell
/6/ as demonstrating the motor system's depen-
dence on afferent information to mark out an
?rosi?;ory framebgf reference.

n one subject was able to approach
formant values over the course'o?psevera?ogy?z
1a§1es, presumably by using auditory information.
This 1led to Kelso and Tuller's /2/ logical exten-
sion of the paradigm, with auditory information

now being eliminated as well through masking with -

white noise. For their 5 subjects, in i
remarkably, Gay and Turvey's gubjeét jﬁ;:dégg:
tioned no significant vowel distortion was found
even under these more difficult conditions, ’
These  results thus cast doubt on Perkell's
concept  of an orosensory frame of reference
ﬂggerly1ng_§?mpensatory behaviour,

Ing a different paradigm (unexpect i
stimulation of orbicularis orig) Egnfleﬁgp1ﬁ:l
reported undisturbed spontaneous speech but re-
ducgd compensatory abilities in a patient suf-
fering . from absence of trigeminal afferent infor-

mation bilaterally fotlowin s
for trigeminal neuralgia. 3 surglca) treatnent

These conflicting results impelled us to perform
a bite-block experiment with a patient from our
clinic who showed substantial deficits in oral
sensibility. )

SUBJECT

Three years prior to the experiment reported here
the patient (male, aged 29, native German speaker
with some Bavarian dialectal influence) suffered
closed-head trauma and whiplash injury to the
cervical cord in a sporting accident. For about
the first month afterwards he was only capable of
monosyllabic  utterances, -but subsequently his
articulatory abilities recovered rapidly, being
essentially normal six months after the accident.
Substantial sensory deficits for the oral region
were observed immediately after the accident,
with no signs of subsequent improvement. Imme-
diage]y prior to the experiment we examined the
patient's oral sensibility in detail. In all
speegh structures where detailed testing was
possible, namely Tower and upper lip, tongue tip
and blade, and mucosa of the oral cavity, thresh-
olds for 1light touch, two-point discrimination,
temperature and vibrotactile perception were
raised so substantially as to be unmeasurable
with our custom-developed equipment for assess-
ment of oral sensibility. No forms at all could

be recognised in a 12-form test of oral stereo-

gnosis. Less  formal testing techniques also
revealed substantial deficits in the pharyngeal
region. As far as the speech system is concerned,
the sensory deficits of our patient were thus
probably more severe than those of Linke's
patient and- possibly also than those of the

subjects in /1/, /2/ and /3/. It is perhaps also

relgvant to point out that in contrast to these
subjects the sensory deprivation-no longer con-
stitutgd a novel experience for our patient.

Regarding the patient's articulatory abilities we
have mentioned above that they recovered quickly,
and at the time of the experiment he had for a
considerable period no longer been considered
dysarthric. Intentional mobility of the tongue
for non-speech  tasks had remained impaired,
however (e.g. moving the tongue along the outer
surface of the upper 1ip on command); yet it is
important to note that the patient described by
Linke showed very similar problems while also

apparently  having undisturbed speech articu-
lation,
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PROCEDURE

We endeavoured to replicate the procedure fol-

lowed 1in /4/ as closely as possible, regarding

vowels produced, mode of elicitation and size of

bite-block (although we restricted our inves-

tigation to the larger-size bite-block, i.e.

22 mm). The patient was asked to produce nine

repetitions (in three sequences of three) of the

German vowels /i:/, /u:/ and /a:/ under the fol-

lowing conditions and in the following order:

(1) initial unperturbed (IU)

(2) perturbed by white-noise at 80 dB delivered
over headphones (WN)

(3) perturbed by a 22 mm bite-block between the
lateral incisors (BB)

(4) perturbed by both white-noise and bite-block
{WN/BB) '

{5) final unperturbed (FU)

(Abbreviations used in Table 1 in brackets)

The subject was asked to produce the vowels as ac-

curately as possible and without delay following

presentation of a card with the target vowel

triad.

The order of the triads in conditions 1 and 5 was

randomized, while in the perturbed conditions all

9 tokens of a particular vowel were spoken as one

sequence with the headphones or bite-block being

removed briefly between each sequence. The order

of the . vowels was arbitrarily chosen as /a,u,i/

in condition 2, /i,a,u/ 1in condition 3 and

/u,a,i/ in condition 4.

The order of the perturbed conditions was so

chosen that any learning effects would lead to a

conservative result 1in the combined perturbation

condition, 1.e. would tend to underestimate the

actual degree of disturbance (if any).

RESULTS

Vowel articulation was assessed by measuring the
first two formants using an LPC-based procedure.
In contrast to earlier investigations the main
results again adopt a conservative approach to
measurement since average values for the steady-
state portions of the vowels were determined (an
exception is the first vowel in the simple bite-
block condition, see below). The results for each
token are displayed in Figs. 1-3 for /i/, /u/ and
/6/ respectively, with the means for each con-
dition being . given in Table }. The range for the
initial unperturbed condition 1is also indicated
in the Figures. The results will first be presen-
ted and discussed for each condition. indivi-
dually, followed by assessment of the results of
the experiment as a whole.

White-noise condition

In this condition /i/ and especially /u/ show

evidence of centralisation: for /i/ mean F1 is
raised by 19 Hz and F2 lowered by 97 Hz; for /u/
F1 and F2 are raised by 89 and 119 Hz respec-
tively. On the other hand /a/ is relatively unper-
turbed. Under this condition the patient is, of
course, effectively speaking without afferent
information of any kind. The fact that /a/ is
less perturbed may reflect- the fact that it is
nearer than /i/ or /u/ to a neutral.'setting”,

Table 1

Steady-state F1 and F2 values in Hz averaged over
each vowel in each condition

/1/ /u/ o/
S - S S S 7 S S U )
IU 273 2137 311 793 626 1083
WN 292 2040 400 912 628 1119
BB 291 2099 338 865 687 1187
BB/WN 332 2021 418 1176 717 1219
FU 266 2175 298 799 672 1068

particularly for speakers of Bavarian. There is
no evidence of systematic changes in the articu-
latory configuration in the course of the sequen-
ces under this condition.

Simple bite-Block condition

In the bite-block condition the main question is
less whether compensation is achieved but rather
how fast it occurs. In previous investigations
compensation was virtually instantaneous, i.e by
the first glottal period. To put the following
figures 1into perspective we- cite the estimates
given in /i/ for the formant shifts to be expec-
ted for /i/ and /u/ in the complete absence of
compensatory behaviour with a bite-block of this
size:

For /i/ F1 +250 Hz, F2 -300 Hz

For /u/ F1 +300 Hz, F2 +500Hz.

Locking at /i/ and /u/ in these terms the subject
shows clear compensatory behaviour since means
over all vowels in the sequences are quite close
to the initial unperturbed condition with F1 for
/i/ raised by 17 Hz and F2 lowered by 27 Hz while
for /u/ F1 and F2 are raised by 27 and 72 Hz res-
pectively, i.e these formant values are all less
perturbed than in the white-noise condition.
However, 1if we adopt as criterion for success
that both F1 and F2 should be within the normal
range then 1in the case of /u/ this criterion is
only reached in the 1last vowel of the sequence
and only 5 of a total of 18 F1 and F2 values are
within the range of the initial unperturbed con-
dition. Particularly striking is the fact that
the 1last four vowels show a progressive and in-
creasingly  successful approach to the normal
region,

For /i/ there 1is a fair amount of variability,
but three of the nine vowels fulfil the cri-
terion, with 10 of 18 F-values within the normal
range. Note, however, that all these remarks
apply to the measurements made 1in the steady-
state portion of the vowel. For /i/ and /u/ we
also measured a frame of 25 ms at the onset of
the first vowel in each sequence. These values
are indicated by squares 1in Figs. 1 and 2. The
onset of the first /i/, in particular, was rather
hesitant, being characterized by laryngealized,
Tow intensity phonation. The precise values were:

/i/ F1 390 Hz, F2 2005 Hz
Ju/ F1 421 Hz, F2 1152 Hz

Clearly these are a long way off target.
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This _subject is thus .capable of compensation, but
it is certainly not instantaneous, requiring
tenths of §econds, or even seconds for complete
success. This suggests a reliance on auditory
information.
The results for /4/ are somewhat puzzling. We had
expected that the bite-block wguld cguse vir-
tqa]ly no afticulatory disturbance. However the
disturbance 1is, in fact, greater than for /i/ and
. fu/. F1 and F2 deviate upwards by 61 Hz and 104
Hz respectively, with no sign of an approach to
the. norma] range over the course of the sequence.
Auditorily the /a/ productions sounded consi-
derably fronted. This may provide the clue as to
why no compensation 1is apparent. Unlike /i/ and
/u/ the distortion caused by the bite-block would
not, in Fhe German vowel system, push the vowel
ifnto a different phonological category. It is
probable that normally this low, back vowel can
be realized acceptably with very 1little Jjaw

opening, hence the observed di i i
bite-biock in place: istortion with the
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Combined white-noise/bite-block condition

Bearing in mind the interpretation offered above
for the /i/ and /u/ results, it is to be expected
in this combined condition that these vowels
should be even more distorted. Figs. 1 and 2 show
that this 1is indeed the case. The means in Table
1 show F1 for /i/ raised by 59 Hz and F2 lowered
by 116 Hz, while F1 for /u/ is raised by 107 Hz
and F2 by as much as 383 Hz. This continues a ten-
dency for /u/ to show greater disruption than
/i/.

The distortion 1is substantial, and there is no
evidence of compensation improving over the
sequence. It dis also interesting to note that
these mean values for /i/ and /u/ are quite close
to the values measured at the onset of the first
bite-block vowel, thus reinforcing the inter-
pretation that the subject's compensatory be-
haviour was guided by auditory feedback.

For /a/ the distortion 1is about the same as in
the simple bite-block condition but with much in-
creased variability.

Final unperturbed condition

Turning, finally, to this last, control condition
it is again noticeable that /i/ and /u/ exhibit
similar behaviour since the values tend to clus-
ter around the extreme of the initial normal
range opposite to the “perturbed" region. This
suggests that the subject has indeed been trying
to compensate, and may even be rather slow in
turning off the compensatory behaviour. The re-
sults for /a/ are again somewhat different, with
a weaker tendency to depart from the perturbed
region of the F1/F2 space. This again suggests
that in the case of /a/ simply less effort was
made to compensate, and that apparently the
distorted productions were still considered
phonologically acceptable. One could also note
that the greater distortion for /u/ than /i/
suggests that the subject followed a strategy of
tongue-fronting when trying to cope with the
perturbed conditions. This may, in addition to
the greater jaw opening, have contributed to the
unexpectedly large distortions for /a/.

GENERAL CONCLUSIONS

The results for /i/ and /u/ are clearly very dif-
ferent from those obtained by Kelso and Tuller
/2/. Our results strongly suggest that success in
this type of perturbation experiment crucially
depends on intact oral sensibility. Afferent
information seems, as suggested in /6/, to be
used to establish a frame of reference for motor
commands. When sensory information is unavailable
and when the natural geometry of the vocal tract
is disturbed by a bite-block the necessary re-
calibration of the frame of reference fails to
take place.

It might have been expected that information from
the temporo-mandibular joint would be more impor-
tant for the establishment of this frame of refer-
ence than information from the oral mucosa. The
results in /1/ and /3/ suggest that this is not
the case. This fact may, however, provide a line
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of attack for explaining the major discrepancy
between our results and those in /2/, as well as
the minor discrepancy between those of /1/ and

/3/

regarding the

amount of sensory deprivation

necessary to cause vowel distortion.

The

substantial
thus
different
effects

reduction in afferent information was clearly
in all reported experiments; it would
be singularly unhelpful to simply put the

results down to surprisingly large
of rather subtle differences in amount of

sensory deprivation. We would Tlike to conclude
with a more concrete proposal:

In

the
clear to what extent anesthesia

reported experiments it is generally un-
included the

pharyngeal region. In our patient substantial

sensory
geal

losses extended as far down as the laryn-
level. Recalling the unexpected amount of

disturbance for the back vowel /a/ we suggest

that
have

information from the pharyngeal region may
a prominent role to play in maintaining the

integrity of the orosensory frame of reference as
a whole.

/1/

/2/

/3/

/4/

/5/

16/
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ABSTRACT

L'examen de l'activité électromyographique des
muscles orbiculaire des l2vres et é&lévateur du
voile 1lors de la production en voix normale de lo-
gatomes CVCVCV, nous a permis de mettre en évidence
un modéle d'encodage hiérarchisé. L'é&mission en
voix criée et en voix chuchotée de séquences du
méme type entrafne une restructuration de 1'orga-
nisation temporelle (2 sujets; muscles étudiés:
orbiculaire inférieur, élévateur, palatopharyn-
gien). Ces conditions exceptionnelles présentent un

certain nombre de caractéres communs: il sémble en’

particulier que la programmation opére 3 plus court
terme, par unités de la taille de la syllabe ou du
segment; les instructions motrices seraient donc
fragmentées, au lieu d'&tre émises sous forme de
"liste". D'autre part, 1l'élévateur du voile est
plus sensible que le palatopharyngien aux modifi-
cations dans la situation de production. Une

explication physiologique et linguistique est
proposée.

INTRODUCTION

In two recent publications (Bonnot 1
Bonnot et al.|2]), we brought forward a.lelt:?g
amount of experimental evidence supporting the con-
cept of a temporal hierarchical organization of
speech ‘production. The utterance (Cvcvcy nonsense
words) ‘was partly preprogrammed and Cl constituted
an encoding reference for the whole item. A local
reappraisal of timing arose during phonation
determining a re-structuration of the electromyo:
graphical activity {orbicularis oris sup.: 00S
levator veli palatini: LP) on an intrasegmentai
level. The basic motor controls were thus governed
by two components operating in two different tempo-
ral fields: the sequencing was in charge of zhe
seriation of the units and depended on the macro-
structure. The phasing was related to the micro-
structure. Its role was to produce the necessar:
adjustments and to protect the fluency (Kent |3|y
Glencross [4]). This theory, which implies thaé
time is a controlled variable, ig compatible with
a structural linguistic descri
accounts properly for the translation between
abstrdct dimension and a superficial one. The -
programmed component carries out tge oice
and the transfer of units from the phonemic level

to the phonetical level, Thi
. 8 pro
by allophonic specifications. process 1s followed

The model does not exclude biomechanical
effects, but subordinates them to the programming
requirements of the voluntary movement.

These experiments can be integrated to the
framework of a normal use of the possibilities of
the vocal tract. As is pointed out by Lubker ISI,
apropos of the velopharyngeal mechanism, it is temp-
ting to take up a teleological standpoint. The mus-
cular activity and the articulatory gestures are
organized and directed toward the goal of communi-
cation. Of course, speech production depends on tem-
poral and physiological "boundary limits". The per-
former has to take into account the constraints
peculiar to the implemented structures. The velocity
and the accuracy of the various articulators or of
parts of an articulator vary very much, as was shown
by Eek |6| and Bothorel |7] among others. Further-
more, the motor task has to be carried out in a
well-defined period. For Lubker [5|, "within these
boundary limits, speakers have a great deal of
variability open to them in their use of the velo-
Pharyngeal system." Thig variability, within or
between subject(s), can also be linked to specific
configurations of the tractus (post~operative
zi:ient:, dental prosthesis «es) or just to unusual

umstances, su '

o whispered'VQic:? as local anaesthesia or shouted

Both 1latter cases belong, like the pathological
ones, to the "extrinsic variability", which is part-
ly independent of the structure of the phonological
system and of the "physiological weight" of the

:;ticuletory units. However, the point here is that
ve :;e within a natural use of the possibilities
e phonatory apparatus and of its motor con-

t .
d::i:ib gt can be proposed that the model which is
when ite above undergoes a drastic restructuring

comes to encounter these requirements.

RESULTS AND DISCUSSION

two Izalzrd::tito test this hypothesis, we recorded
subjects ve speakers of French (DA,JFB). The
vords. 3 were instructed .to read nonsense CVCVCV
7 normal, WhisTered and shouted voice. The

€ R| and the vowel |i uf,
dura::o:elggtgg the following pdrameters: acoustical
orbicularie CVCV; duration of the activity of the
(PPH); late oris inf.(001), LP, and palatopharyngeus
sent é ncy time of the same muscles (in the pre-
ase, interval between the onset of electromyo-

graphical activity and the -first periodic oscil-

1
ation for the initial vowel: |p t k| were of course
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voiceless. In view of comparison, an identical pro-
cedure was used for the voiced |g| and |R}).
Student's t test and, in some cases, Cochran's test
were applied. The coefficient of variation (C.V.=
.U0.01"/x) were calculated., With JFB, we could not
obt~in a good signal for LP during this session.

We first noticed that PPH and LP were acting in
a very d.fferent way for subject DA. Whereas LP was
very sersitive to the three conditions of produc-
tion, the pattern of PPH remained steadier: in
table 1, it can be seen that the normal, whispered
and shouted mean values of LP are perfectly sepa-
rated. On the contrary, there is considerable over-
lapping for PPH. The statistical comparisons
reached a significant threshold in 12 cases out of
15 for LP, but in only 3 cases out of 15 for PPH.

Total duration of LP (in msec). Subject DA

Normal Shouted Whisp.
X C.V. X c.v. X C.V.
lp 1545 11.52 1417 3.82 1216 11.73
t 1521 9.69 1403 3.09 1226 11.71
k 1529 10.19 1424 5.54 1260 13.48
g 1698 12.56 1498 5.97 1163 12.53
R| 1549 12.93 1450 5.29 1139 10.15

|p Shouted vs. Normal ddl: 18 NS
Shouted vs. Whisp. ddl: 18 p« 0.05
Whisp. vs. Normal ddl: 18 p« 0,001

t Shouted vs. Normal ddl: 18 p<0.05
“houted vs, Whisp. ddl: 18 p=0.05
whisp. vs. Normal ddl: 18 p«0,001

k Shouted vs. Normal ddl: 17 NS
Shouted vs. Whisp. ddl: 17 p«0.05
Whisp. vs. Normal ddl: 16 p«0.01

g Shouted vs. Normal ddl: 18 p<0.05
Shouted vs. Whisp. ddl: 18 p«<0.001
Whisp. vs. Normal ddl: 18 p<0.001

R| Shouted vs. Normal ddl: 18 NS

Shouted vs. Whisp. ddl: 18 p« 0.001

Whisp. vs. Normal ddl: 18 p<0.001

TABLE 1 A
“otal duration of PPH (in msec). Subject DA
_Normal Shouted _Whisp.
X C.V. X C.V. X C.V.

lp 1168 6.91 1236 6.58 1226 7.70
t 1156 16.64 1302 11.94 1094 7.38
k 1385 7.68 1464 1.96 1317 8.27
g 1502 9.04 1512 6.95 1354 1.61
Rl 1193 15.37 1395 7.61 1167 5.26
Ip Shouted vs. Normal ddl: 8 NS

Shouted vs. Whisp. ddl: 8 NS

Whisp. vs. Normal ddl: 8 NS
t hovted vs. Normal ddl: 8 NS

Shouted vs. Whisr. ddl: 8 p«0.05

Whisp. vs. Normal ddl: 8 NS
k Shcuted vs. Normal ddl: 8 NS

Shcited vs. Whisp. ddl: 7 NS

Whisp. ws. Normal ddl: 8 NS
g Shouted vs. Normal ddl: 8 NS

Shouted vs. Yhisp. ddl: 8 NS

Whisp. vs, Lorr ) cdl: 8 NS
R| Shouted vs. Normal ddl: 8 0.10>p >0.05

Shouted vs. Whisp. ddl: 8 p«<0.01

Whisp. vs. Normal ddl: 8 NS
TABLE 1 B

NB: the smaller number of items for the "totel du-
ration of PPH" is due to the following fact: in
most cases, for subject DA, te activity of PPH was
absent or very weak for the nonsense words CiCiCi.
Consequently, we took only into account utterances
with |u|. For a detailed discussion,cf.Bonnot [1].

It can thus be suggested that some muscles are
more directly sensitive to those kinds of extrin-
sic constraints. It can be recognized that PPH
plays a role in the narrowing of the velopharyn-
geal Isthmus (Fritzell |8]; Legent, Perlemuter and
vandenbrouck |9|), but there is no denying that LP
is the only one which is responsible for the 5~
ward gesture of the velum, and to a great extent
for the holding of the closure of the port (see
for example - Bell-Berti [1]). Even if we consider
that Halle's model |11| describing the velar func-
tioning is far from being adequate, we agree with
his suggestion that "the distinctive features cor-
respond to controls in the central nervous system
which are connected in specific ways to the human
motor and auditory systems."

For subject DA, an increase in the acoustical
duration was not accompanied by a concomitant
lengthening of the electromyographical activity.
Whereas the durations were mostly shorter for the
normal nonsense words on the acoustical level, on
the contrary, they were systematically higher when
considering the activity of LP and OOI.

It seems thus that a greater duration is not
always straightforwardly correlated with a higher
"force of articulation”, The datas obtained from
speaker JFB brought some support: here it is true
that both the acoustical duration and the electro-
myographical activity of PPH increased from normal
voice to shouted voice and finally to whispered
voice. However, in both cases, significant diffe-
rences were found between mean values for whispe-
red vs. normal voice and for shouted vs. normal
voice, but never for shouted vs. whispered voice.
For example, for the nonsense words with Ip t k|,
the activity of PPH varied as follows {(durations
in msec.): normal voice: 1287-1309; shouted voice:
1594-1609; whispered voice: 1644-1729. The supe-
rior and inferior 1limits were separated by 285
msec. for normal voice vs. shouted voice, but by
only 35 msec for shouted vs. whispered voice. With
the [RVRVRV| items, the differences were 213 and
15 msec.

It must be added that the activity of PPH was
remarkably similar for the normal and whispered
utterances: the signal was poor and of a very
limited amplitude; the shouted items were charac-
terized by a much richer pattern.

This phenomenon underlines again the separation
of the levels and suggests that duration is highly
conditioned by the constraints inherent to the
temporal programming of the sequence. Furthermore,
the values of the C.V. were smaller for shouted
voice and, to a lesser degree, for whispered
voice: it could be that the speaker was "obliged"
to reconsider partly his program, and to reduce
to a minimum the area of variability.
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Total duration of PPH (in msec). Subject JFB

Normal Shouted Whisp.
X C.V. X C.v. X c.v.
|p 1309 16.83 1609 4.62 1670 11.78
t 1294 13.75 1594 5.10 1644 8.27
k 1287 16.47 1604 6.04 1729 13.57
R]1458 12.06 1671 6.51 1686 7.49

|[p  Shouted vs. Normal ddl: 16 p<0.05
Shouted vs. Whisp. ddl: 16 NS
Whisp. vs. Normal ddl: 18 p<0.01

t Shouted vs Normal ddl: 18 p«0.05
Shouted vs. Whisp. ddl: 16 NS
Whisp. vs. Normal ddl: 20 p<0.001

k Shouted vs. Normal ddl: 16 p«< 0.05
Shouted vs. Whisp. ddl: 26 NS
Whisp. vs. Normal ddl: 28 p« 0.001

R| Shouted vs. Normal ddl: 18 p< 0.05
Shouted vs. Whisp. ddl: 16 NS
Whisp. vs. Normal ddl: 20 p<0.01,

TABLE 2

For DA, the latency times of implementing of LP
were shorter in shouted and whispered voice, in
comparison with normal voice (12 comparisons out of
15 were significant). For DA and JFB, O0OI varied
precisely in the same manner, even if all the
comparisons did not reach the significant threshold
of p < 0.05. As could be predicted on the basis of
the behaviour of the total durations, the modifi-
cations in the latency times of PPH were scarcely
noticeable although they followed the same pattern.

It can be concluded that: '

(a) A stronger articulatory energy does not
necessarily manifest itself through an earlier
implementing of muscular activity.

(b) The shouted and whispered utterances can pro-
bably be joined together under the same head.

Latency time of LP (in msec). Subject DA

_Normal Shouted Whisp.

X C.v. X C.V. X C.v.
Ip 629 24, 405 12,75 370 28,51
t 630 21.91 393 9.98 373 28.90
k 592  23.29 399 13,90 334 22,72
g 717 24.40 491 15.71 336 13.83
R| 476  33.89 296 21.56 357 35.98

lp Shouted vs. Normal ddl: 18 p<0.05
Shouted vs. Whisp. ddl: 18 NS
Whisp. vs. Normal ddl: 18 p«< 0,001

t Shouted vs. Normal ddl: 18 p<0.05
Shouted vs. Whisp. ddl: 18 NS
Whisp. vs. Normal ddl: 18 p« 0.001

k Shouted vs. Normal ddl: 18 p« 0.05
Shouted vs. Whisp. ddl: 17 p<0.05
Whisp. vs. Normal ddl: 17 p.0.001

g Shouted vs. Normal ddl: 18 p« 0.05
Shouted vs. Whisp. ddl: 18 p«0.001
Whisp. wvs. Normal ddl: 17 p«0.05

R|  Shouted vs. Normal ddl: 18 p«<0.05
Shouted vs. Whisp. ddl: 18 NS
Whisp. wvs. Normal ddl: 18 0.10>p=0.05

TABLE 3

Instead of assuming that in uncommon circum-
stances, the latency time essentially reflects the
global programming of the nonsense word, as it
seems to be the case under normal conditions, we
suggest that the encoding system works within a
shorter temporal window (see also for an acoustical
study of French (CVC syllables: Rostolland et al.
[12]). In our interpretation, the initial latency
partly expresses the read-out time of generative
encoding rules which are specific to the language
in question. However, these rule. are dependent on
a rhythmic and accentual frame which is modified
by the constraints inherent +to the shouted and
whispered phonation.

CONCLUSION

"Extrinsic variability" constitutes an essen-

tial part of a model of speech production, since
the encoding modalities are conditioned by the
constraints exerted on the muscular (sub-)system(s)
and on the articulatory organs. Our conclusions
allow to extend the notion of '"syllabic segrega-
tion" applied by Kent and Rosenbek [13| to "apraxia
of speech", and by Kent {14}, to the acquisition
of language by children. Close connections can
also be established between our results and some
works on "expressivity". Fodnagy |15| studied the
articulatory manifestations of hatred and anger.
These sentiments were rendered in the same way in
French and Hungarian, by a series of jerky move-
ments (abrupt transitions). In a cineradiographic
study, Flament [16| looked 1in%o the question of
"stylistic emphasis" in French. He came to the
conclusion that there was a marked individualiza-
tion of the articulatory units, in comparison with
a neutral context: the coarticulatory link between
successive segments was strongly weakened.
) It appears that our analysis can be integrated
into a more comprehensive body of facts, regrouping
a great number of pathological and exceptional
conditions. Of course, the patterns will be diffe-
rent according to the severity of the disease or
to the weight of the constraint.

All these productions have probably in common
to. provide the subject with feedback information
which is particularly difficult to handle. It could
bg that the (normal) subjects "tend to achieve some
kinethetic-tactile feedback by finding articula-
tory landmarks" as was proposed by Rothman |17| for
deaf adult speakers. Therefore, it can be suggested
that ‘the instructions are being split up, instead
of being issued in the form a "list",

However, it must be stressed that there is a
great variety of possible "amendment procedures'
(Glencross |18]) and, consequently, a high flexi-

b?lity of the matching of various kinds of feedback
with the contextual requirements.
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ABSTRACT

The experiment investigates the effects of
stress and transsyllabic vowel-to-vowel coarticula-
tion in Standard Italian. The study replicates evi-
dmceﬁmmrpmviaswokanalimaﬂmglish
of strong influences on unstressed vowels of their
flankding stressed vocalic context. In Italian as in
English, coarticulation has stronger effects on the
front-back dimension than on vowel height. In con-
trast to English, however, coarticulatory influen-
ces in Italian are symmetrical in direction. As
for stress, in the present study, we find effects
of stress only an vowel opening, not alang the
front-back dimension. Interestingly, effects of
Stress on F1 interact with effects of a vowel's po-
sition in a word or utterance. We find that a stres-
sed vowel is produced with a decreasingly extreme
Jaw position throughout the word or utterance. This

mey point to a suprasyllabic arganizati
on of
trajectories in Italian speech. Jaw

INTRODUCTION

Or study was designed to investigate three
pects or the articulatory organization of Itali:-
Speech: vowel-to-vowel coarticulation, word-level
g:rpesatmy shortening and spectral differences

u-eemstxmdaﬁmstnsseqmls. It was sug-
%:?sted in part by the outcome of our previous work
&yra, Fowler and Avesani /15/), in which we com-
pared measures of vowel-to-vowel coarticulation and
shortening in Standard Italisn and English. That
chmss-mwlmﬂe camparison wes of interest in light
linking coarticulatory and durational

mh:i dx):mmm; Italian (calleq ™
syllables are
tervals. sald to

Syllable timedn),
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The description of English as stress~timed is
consistent with several aspects of its prosodic
structure. English words are sometimes described as
being camposed of "feet" consisting of a stressed
syllable and zero, ane or two following unstressed
syllables (e.g. Selkirk /12/; Bolinger /2/).(Follo-
wing Selkirk and others we will call a foot like
that with the stressed syllable first: "left domi-
nant"). Campatibly, measures of coarticulatory in-
fluences of stressed on unstressed syllables and of
shortening of stressed vowels due to neighboring
unstressed syllables are both asymmetrical, they
correlate, and both mirror the left-dominant foot
structure of wortds | ( Fowler /5/). That is, stres-
sed vowels coarticulate (at least on the front-back
dimension) more with, and are shortened more by,
following than preceding unstressed syllables. Fow-
ler /S/ has interpreted these findings as evidence
't'hat coarticulatory influences by vowels reflect
eopx'omctim"—-that is,overlap of the stressed vo-
wels' production by unstressed syllables in the sa-
.me foot. Because a following unstressed vowel "“co-
;e;ssover" the trailing edge of a stressed vowel,
emrtstmessedvmuel is measured to shorten and it
synamea mculatory influence on the unstressed
o extent that the syllable shortens
J‘sif the coartif:;laboxy and shortening pattermns
describedfoot smﬁﬁish do, in fact, reflect its
wamdm Ny » then they should not be
stmtead anguages identified as syllable timed. In-
mm:mldbeca\ﬁmdto the syllable
i syllmabl maintain equal syllable durati-
n e-timed languages, if vowel-to-vowel
amtbout sm:’:r:cums at all, it should not reflect
e » either left or right dominant.
findings from previous studies of spoken I-

talian
’ imlud.i.ngoxmom, do not support this pic-

ture of a syllable timed langusge. Nor do they give

Kdm of the timing structure of Ita-

asm‘:samm’efOUﬁsmmmgofaml
and Kord /4/; v add:d to the syllable (Faretani
ever, the s ayra, Avesanl and Fowler /13/). How-
also mﬂmwmg is not consistently found (see
tto /1/). Mareover, it is asymmetrical

with stroger
shortening effects of following than
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of preceding consonants in the syllable (Farmetani

and Kord /4/; Vayra, Avesani and Fowler /13/). Mad-
dieson /9/ reports that this asymmetrical shorten—

ing pattem is widespread in the world's languages

and is not especially associated with syllable-ti-
med languages.

Just as Italian shows only weak and inconsistent
shortening at the syllable level, it also shows weak
and inconsistent evidence of a foot structure. Nes-
por and Vogel /10/ invoke a left—-dominant foot stru-
cture to explain patterns of syllable stress in Ita-
lian words. Campatibly, den Os /11/ (see also Farne-
tani and Kori /3/; Vayra /14/) report evidence of
redaxction of unstressed vowels in Italian— ostensi
bly a characteristic of stressed-timed languages—
and Koopmans~van Beirum /8/ finds evidence of vowel
reduction in spontanecus spoken Italian, Dutch and
Japanese as compared to vowel quality in more form-
al styles of speech.

Despite these findings, pattermns of vowel-to-vo-
wel coarticulation and shortening in Italian do not
carisistently reflect a stress-timing tendency (Vayra
et al. /15/. Among three talkers we examined in our
earlier study, one showed an asymmetrical coarticul-
ation and shortening pattern similar to those found
in English, one showed the reverse asymmetry in both
coarticulation and shortening, and the other showed
an asymmetry in coarticulation opposite to that in
his shortening patterns. For none of the three talk-
ers were measures of coarticulation and shortening
correlated.

Talkers in that study were Piedmontese speakers
of Standard Italian. One hypothesis we considered as
to why pattermns of coarticulation ard shortening we—
re idiosyncratic to each talker was that the proso-
dic differences in their promunciation reflected the
presence in the spoken Standard of angoing conflic—-
tual processes of adaptation — outside Tuscany —%to
the marphoptionology of the Flarentine-based Standard
system (represented in the orthography). Accordingly,
in the present study, we examine patterms of vowel-
to-vowel coarticulation among Florentine speakers
of Standard Italian. In addition, we looked at ef-

fects of stress on vowel quality among these speak-
ers. The experiment was designed to ask whether we
would see consistent evidence of a foot structure in
in the coarticulatory and shortening pattems of the-
se talkers, and, if so, whether the same talkers
would show evidence of vowel reduction in absense of
stress.

EXPERIMENT

Our subjects were two female (S and F) and ane
‘male (N) native speakers of the Florentine variety
of Standard Italian. Each of them produced several
tokens each of 18 different bisyllabic nonsense words
and 27 trisyllabic nonsense words. The bisyllabic
words were versions of "WbV", in which the Vs were
/i/, /a/ and /u/ and in which stress was either an
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the first or the secand syllabie of the nonsense
word. The trisyllables were versions of " Vbvbv ",
again using all combinations of /i/, /a/ and fu/ for

the two Vs,and using all possible patternings of one

stressed and two unstressed syllables. The talkers
produced the nonsense words in isolation; we analyz—
ed three tokens of each word type spoken by each tal-
ker. )

WeusedtheIlSsystematHaskinslaboratoriesto

measure center frequencies of F1 and F2 of the vow-

els. The measures we report were .. taken from vo-

wel midpoints. In addition, vowel durations were ma—

de from waveform displays. These latter measures ha~
ve not yet been analyzed, however, and so we report
our findings on the formant measurements only.

In this report,too, we will present Just a subset
of our findings using F1 and F2 as measures. We have
found, in general, that vowel-to-vowel coarticulato-
ry effects are largely confined to the front-back di-
mension ( that is, to measures of F2) rather than to
the height dimension (F1), and so we report Just F2

measures of coarticulation. For its part, stress
has its major effect on F1 (see also /3/),and so we
confine our exposition of stress effects to its ef-
fects on Fl.

Coarticulation and F2.
Wefocusedmmr'eeldrldsofﬁrdirxgsrelatmbo
wowel-to-vowel coarticulatory effects. First, we
looked generally for effects of a context vowel (/i/
/a/ or /u/ an F2 of a target neighboring /a/. Next
we asked whether any such effect were asymmetrical
so that carryover effects of a preceding vowel we-
re larger or smaller than anticipatory effects of
a following vowel. If carryover effects are larger
than anticipatory effects, then, as in English, co-
articulatory effects in Italian and in these types.
of words in spoken Italian would mirror their pre-
sumed metrical left-dominant foot structure (Nespor
and Vogel /10/). Finally we asked whether coarticu-
latory influences are affected by the stress of ei-
ther the context (coarticulating) vowel or-bf the
target /a/ vowel.

Tables 1 and 2 present the findings that add-
ress these issues. All three speakers showed signi-
ficant and large effects of context vowels on F2 of
a neighboring /a/. Across the talkers, this main
effect of context vowel accounted for 11-35%% of the
total variation in F2 of the target vowel in bisyl-
1ables and 27-37% of the variation in F2 of the tar-
get vowel in trisyllsbles. Neighboring /i/ raised
F20f/a/ascmparedtoitsvalueinﬂ\eombext
of /a/ and /u/; /u/ generally lowered F2 as compa-
red to its value in the context of /a/. :

As for asymmetries in coarticulatory effects, no
talker showed a significant asymmetry in either the
bisyllables or the trisyllables. However one talker
showed a marginal tendency in trysyllables for ant-
icipatory effects of a context vowel to exceed car-
ryover effects (p= .06), and, in general, talkers
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showed numerical differences in coarticulation favo-
ring an anticipatory over carryover coarticulation
(see Table 1). Thus, no talker showed a significant
tendency for coarticulatory asymmetries to reflect
a left-dominant foot structure. This finding is si-
milar to our earlier findings on speakers of the
Piednontese variety of Standard Italian; however,s—
peakers in the present study were mo—
re consistent one with the other than in our previ-
ous experiment.

TABLE 1

Bisyllables
Carryover Anticipatory
/il /&l N /il lal N/
S 1671 1625 1653 1632 1563 1537

F 1433 1434 1388 1441 1413 1360
N 1313 1262 1210 1393 1276 1217
Trisyllables
Carryover Anticipatory

/i/ /a/ v/ /i/ /al v/
S 1651 1621 1572 1711 1621 1560
F 1406 1337 1330 1443 1337 1282
N 1305 1218 1160 1298 1218 1191

Table 1. F2 of /a/ in the context of preceding (car—
ryover) and following (anticipatory) /i/, /a/ or [u/

Table 2 shows the interaction of stress and coar-
ticulation on trisyllables. In that table, we have
subtracted our F2 measure of the target vowel /a/
when it is in the context of /a/ from its value in
the context of /i/. A positive difference, then, re-
flect the expected fronting effect of /i/ on /a/. we
have presented the difference scores for three stress
conditions separately. In the first colum, the tar-
get /a/ vowel is stressed; in the second colum, the
context (coarticulating) vowel is stressed:; in ;:he
third colum neither is stressed. (So, mn:oms .
i'baba and a'baba contributed to the first colum of
difference scores; 'ibaba and 'ababa contributed to
the second colum; iba'ba and aba'ba contributed to
u:\e thu*d colum). The table reveals two interesting
f:.rx.hngs. One is that there are essentially no co-
articulatory influences of unstressed /i/ on stres-
sed /a/. A second is that influences on unstressed
/a/ are as large from unstressed neighboring vowels
as from stressed neighboring vowels. This interacti-
on between stress and contest vowel was significant
for twota]l-cers and marginal (p= .11) for a third.
These findings are interesting in showing that,in
these words,only unstressed vowels are sbject,to
coar't%culatory effects, but they receive coarticula-
toz.-y influences from neighbors regardeless of their
neighbor's stress level. The first finding is simil
ar to effects found inFnglish. Unfortunately wem .
not have data on English words camparable to‘thos:o
on which the second finding were obtained.

TABLE 2

Stressed vowel

Target /a/ Context /i/,/a/ Neither
s 17 130 106
F 1 121 164
N 26 84 141

Table 2. F2 of /a/ in the context of /i/ minus F2
of /a/ in the context of /a/. Data average over di-
rection of coarticulatory influences and represent
trisyllables only.

Stress and F1.

To examine reduction of unstressed vowels, we loo-
ked only at the utterance "aba" and "ababa" ‘with
all stress patterns. Table 3 presents our findings.

We find highly significant effects of stress on
Fl of /a/, such that stressed /a/ is a more open
vowel (with a higher F1) than is unstressed /a/.
These are significant for two talkers in the bisyl-
lables and marginal (p = .06) for the third. They
are significant for all talkers in the trisyllables.
Moreover, the effects of stress tend to be quite
substantial, accounting for 5-35% of the total ve-
riability in F1 in our analysis of the "“aba" words
across the three talkers and 60-79% of the variance
in F1 in “ababa" words. Thus, as others have found
(e.g. den Os /11/), we find that in Italian, as in
stress timed languages, unstressed vowels (at least
the vowel /a/) are subject to reduction.

An unexpected finding in this analysis was a si-
gnificant effect of vowel position in the word on
Fl. In bisyllables, all three talkers had lower Fls
for final than for initial vowels; the difference
was significant for two talkers and marginal for
the third (p = .08). In trisyllables, the effect
was significant for all talkers, but it interacted
with vowel stress. Table 4 shows this interaction.
For all three talkers, F1 of stressed vowels decrea-
ses monotonically across the word, while F1 of un-
stressed /a/ id highest in word-initial position
and lowest in medial position. The interaction is
significant for two of the three talkers, but the
pattem is present in all three sets of r;\eans

TABILE 3
Bisyllables Trisyllables
. Stressed Unstressed Stressed Unstressed
1125 925 1093 932
F 1002 916 993 875
N 722 761 801 734

Table 3. Effcts of stress on Fl of /a/.
DISCUSSION
If Italian, like Bnglish, has left—daminant £o-

ot s
hemfninnm in words, the feet are not reflected,
coarticulatory asymmetries. Instead,in the
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words we examined, coarticulation is largely symme-
trical,with a weak, but fairly consistent,numerical
tendency to favor anticipatory coarticulation. We
have not yet analyzed our measures of durational
shortening to determine whether they reflect the
left~dominant foot structure or else reflect the co-
articulatory near symmetry (or else do neither). Di-
scovering how shortening is patterned in these words
may help to clarify the relation of shortening to
coarticulation and to metrical structure in words.
In particular, it may help to determine whether the
convergence of all three patterns in English is or
not accidental.

Although coarticulatory pattems in F2 do not
suggest a foot structure ostensibly characteristic
of stress-timed languages, nevertheless, effects of
stress itself on articulation of vowels are similar
to its effects in stress-timed languages. Stressed
vowels are not subject to coarticulatory influences
from neighboring vowels along the front-back dimen-
sion and unstressed vowels are less open than stres-—
sed vowels. A new finding was that stressed vowels
exert no stronger coarticulatory effects on their
neighbors than do unstressed vowels.

One way to capture these findings is to suggest
that,as compared to unstressed vowels, stressed vo-
wels in Italian speech are relatively impervious to
two kinds of influence: coarticulatory influences
along the front-back dimension due to neighboring
vowels (and possibly to consonants as well), and in-
fluences on the height dimension due either to the
closed jaw position of neighboring consonants or el-
se to a disposition for the jaw to return to a rest
position.

TABLE 4
Stressed Unstressed
I M F I M F
S 1178 1112 989 1144 803 850
F 1052 986 942 972 794 859
N 877 800 725 794 701 705

Table 4. The interaction of stress and position
on F1 of syllables in initial (1), medial (M), and
final (F) position in trisyllables.

A final interesting finding was of a “position
effect" on opening for /a/ across a word. Stressed
/a/s were progressively less open in later syllables
of words. One hypothesis we have entertained to ac-
count for the effect (see Table 4) is that it is an
utterance-level (as opposed to word-level) phenome-
non that is analogous in some ways to declination
in fundamental frequency. That is, Jjust as (other

things equal), fundamental frequency declines over

the course of an utterance, largely following the

decline in subglottal pressure (e.g. Gelfer, Harris,

Collier and Baer /6/),so do excursions of the jaw

from its rest position decline. Both declination

and our position effect, then, might reflect an ar-

ticulatory system that in some sense "winds up'" at

the begimning of an utterance and then "runs down'
gradually as the utterance proceeds. Perhaps compa—
tible with this view is a weak tendency for our tal-
kers' productions of stressed /i/ and /u/, two clo-
sed vowels, to open increasingly across the syllab+
les of a bisyllable or trisyllable.
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ABSTRACT

This production study investigated the influence
upon vowel duration of syllable structure and the
p?stvocalic consonant. The results obtained showed a
differential effect of syllable structure on the
measufed vowel durations as a function of the post-
vocalic consonant. The hypothesis that the amount
of cogrticulation between this consonant and the
preceding vowel conditioned this effect was partial-
ly confirmed by the results

INTRODUCTION

Vowels are elastic se
gments; they can be com
;nd expan?ed byithe influence of a large nuﬁngszg
l:g;ors{-xnigudxng among others: the number of syl-
es in the word, their postion in th

- 2 e ’
;he position of the word in the utterance :gzdn::?
1er a?d type of the surrounding consonangg and th
ocation of the syllable boundary [7] [4] {5} °

19 Fhis contribution we have inv
tivity ?f vowel durations to t
:;dt;hexr 1ntera€tion: a) the syllable structure and

e postvocalic consonant. The effects of th
factors have been analyzed sep. oue
research, but their interacti
much attention.

estigated the sensi-
wo of these factors

The effect of syllable structure on the duratjon of

vowels is well known Vowel

. shorteni i
:{llfgles (Fecently been called Closed :gl:jil:lgsed
e fl. ortening (CSVS) by Naddieson {5]) the
intluence of the number of syllables can both be

Seen &5 a tendency towards isoch
s isochron :
the number of segm i V. An increase in

ber of syllables in a word ten
®ents and syllables involved.

?he local environmwent of

influence on its duration.
consonant conditions the dura
vowels. For example, the feat
ce?szgsnt exerts strong effec
voic consonants tend to

?owel, whereas voiceless ccn:;::;::nha::e pr:ceding
ing effect. Another phenocmenon ma al “5 bl
the duration of vowels: the . > oany Jdence
tion. Fowler [1) pointed out

reflect itself in the shorten
undergoes the effect of coart

the vowel also has an
3?us the postvocaljc
tion of the Preceding
ure of voicing of this
tS upon vowel duration;

that coarticulat ion may

fns of the segment that
iculation.
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Figure 1 Schematic representation of coarticulation

{n figure 1 segment i+l coarticulates with segment
i. Consequently, its acoustical manifestation will
emergeiéuring the articulation of segment i; thereby
shortening the segment i. Seen in this perspective,
when a Segment coarticulates with the preceding seg-
ment, it tends, all other things being equal, to
shorten the latter segment. ,

I?e ﬁrfpose of this paper is to examine the rela-
oni ip betw§en the above mentioned closed syllable
:2231 shortening effect and co-articulation. In par-
o dui:;j;i wang to explore the possiblity that vow-
I  varies as a function of the strength of
§9art1culatxon which in turn is a function of sylla-
m:c Structure. According to our hypothesis, the
asured vowel durations will depend upon the syl-

lable structur
e, the strength of coarti ion with
the postvocalir 8 rticulation

consonant and the interaction

3etween these two factors.
e wi i i i
11 first briefly examine the relationship

betw s N
tween coarticulation and syllable structure. Many

225::::e2t§ have been carried out with the aim of
tion. ;i o .the factors that affect coarticula-
has beenp?:rﬁ;ng 8s well as disconfirming evidence
culation ( ¥n for syllable based models of coarti-
Plays a role Sharf & Ohde [9]). If the syllable
researche: o artfculation programming - as many
[2]) —vors think it does (cf. Fujimura & Lovins
(i.e. vowel ?oflxpeq that a tautosyllabic consonant
lable) will h owed by a consonant in the same syl-
than a hete dve @ stronger coarticulatory effect
consonant i;°:§:lablc one (i.e. vowel and following
may predict th ferent syllables). In this case, we
/t/ in a D at a tautosyllabic consonant like the

uteh word 1ike "peer$den" will coarticu-

lat
n o DOre strongly than the heterosyllabic /r/ in

e n
t§e$7?}~hfsna consequence the vowel /e/ preceding
"peren"” peerden” will be shorter than that in

Yyile the Closed §
S1s makes the sape
tiate between the
of the type of pos

yllab}e Vowel Shortening hypothe-
Prediction, it does not differen-
shottening effects as a function
tvocalic consonant. Since /s/ is
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known to coarticulate much less than /r/ (8] [3],
we would expect the position of the syllable bound-
ary around vowel-s-sequences to affect the vowel
duration to a smaller degree. In other words, fol-
lowing this reasoning, the amount of closed syllable
vowel shortening could, at least in part, depend on
the strength of coarticulation between the consonant
and preceding vowel.

In the experiment to be reported here we will inves-
tigate this hypothesis using duration measurements
of vowels preceding four consonants: /s/, /1, /x/
and /m/. We may assume that these consonants do not
coarticulate to the same extent with the preceding
vowel (cf. Sharf & Ohde [9], Klaassen-Don [3]).
Klaassen-Don carried out some experiments in which
she investigated the identification of consonants
on the basis of vowel transitions in VC-and CV-
sequences. On the basis of the identification scores
she obtained we have scaled (from 0 to 1) the conso-
nants under scrutiny: /s/ and /m/ have a value of
0.05 (small coarticulatory effect), /1/ a value of
0.55, and /r/ 0.80.

To summarize, our line of reasoning is the follow-
ing:

Assumption I: coarticulation and shortening are
positively related (cf. Fowler [1]).

Assumption II: the consonants /s/, /m/, /1/ and
/r/ show increasing coarticulatory effects.

Hypothesis: the location of the syllable boundary
conditions the amount of coarticulation between the
consonant and the preceding vowel: tautosyllabic
consonants coarticulate to a greater extent than
heterosyllabic ones.

Prediction: the syllable boundaries around /1/ and
/r/ have stronger effects on the duration of the
preceding vowel than the boundaries around /s/ and

/m/.

Subsidiary prediction: As the overlap between
segments i and i+l as shown in Figure 1 increases,
the total duration of and i+l should decrease. If
this is true, and again if the syllable structure
determines the amount of coarticulation, one would
expect the same pattern of differences in VC'dura-
tion as that obtained for the vowel duration for the
four consonants used. In other words, we could
expect increasing differences between the VC dura-
tion for hetero and tautosyllabic consonants: /s/
differences < /m/ differences < /1/ differences <
/r/ differences.

EXPERTMENT

speech material, procedures

The consonants to be used were /s/, (l1/, /m/ and
/r/; the vowels were /a/ and /o/. ;
Eight pairs of bisyllabic nonsense words were con-
structed, the first member of each pair having a
tautosyllabic consonant, the second having a hetero-
syllabic consonant.

Tautosyllabic Heterosyllabic Consonant

peer$de - pe$ren

poor$de - po$ren

peel$de - pe$len

pool$de - po$len

peem$de - peSmen

poom$de - poSmen

pees$de - pe$sen

poos$de - po$sen
These word pairs were embedded in a Dutch carrier
sentence of the form: "jij moet =------- zeggen"
(you should say <-------- ). The carrier sentences

and target nonwords were read aloud by 10 Dutch
speakers (7 male and three female); each speaker
repeated each sentence two times. A number of fill-
er sentences were included in the list. In order to
prevent speakers from voicing the /s/ by assimilat-
ing it with the following /d/, they were instructed
to pronounce /s/ and not /z/; the realization of
this instruction was confirmed by auditive control
and inspection of the waveform. No instructions
were given for the reading tempo. The speech

material was recorded in a professional studio, with
a tape speed of 19 cm/sec.

Measurements

The duration measurements of the vowels were carried
out by means of a speech editing system, which
allows visual and auditory segmentation. ~To that
end the target words were digitized (sample frequen-
cy 10 kHz) and their waveform displayed on a high
resolution screen. Generally the segmentation did
not present great difficulties. Changes in the
amplitude envelope or variations in the waveform,
togather with auditory cues, were the main criteria
for segmentation and measurements. - As each subject
produced each target word two times, the total num-
ber of vowel durations to be measured was : 10
(speakers) x 16 (words) x 2 (repetitions) = 320.

RESULTS

In figure 2 we present the durations of the vowels,
pooled over repetitions, vowel type and subjects.

Both main effects were significant at the 0.05 lev-
el. Syllable structure: F(1,9) = 31.27, Consonants:
F(3,27) = 11.50.

Figure 2 shows a clear interaction between sylla-
ble boundary location and postvocalic consonant; an
analysis of variance, carried out on the mean dura-
tions of repeated realizations, resulted in a sig-
nificant interaction: F(3,27) = 14.02 (p < 0.05).
Shifting the syllable boundary to the right of /m/
and /r/ shortens the pre-consonant vowel dramatical-
ly, whereas this effect is much smaller for /1/ and
not existent (not significant at the 0.05 level) for
/s/. The respective F-values of the post-hoc com-
parisons between the two syllabic conditions for
/m/, /x/, /1) and /s/ were: 23.99, 17.44, 5.67 and
1.10, the latter being not significant (p> 0.05,
dfl1=1, df2=27).

The rank order of magnitudes of the effects for
/s/, /1/ and /r/ is fully in line with the strength
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effects, as assessed by Klaassen-

of coarticulatcry
effect of /m; is an exception we will

Pen [3]: the
discuss later.
Thus, all three effects under focus in this experi-
ment, viz. syllable structure, conscnant type and
their interaction were fcund to have significant
effects cn the duration of preconsonantal vowels.

we also measured the total duration of the vowel-
consonant sequences.

Figure 3 shows the durations of the VC-sequences
pooled over vowels, repetitions and subjects. Tué
main effects are significant at the 0.05 level: con-
sonant (F(3,27) = 15,27) and vowel (F(1,9) = 5.52).
Here too, there is a significant interaction between

the facrors boundary location and type of consonant:
F(3,27) = 20.97. '

DISCUSSION

Wwe have investigated the effects of two factors:
syllable boundaries and postvocalic consonant oé
vowel duration. The results of our experiment show
main effects of both factors. Preconsohantal vowels
are shorter in closed than in open syllables. Thes

results are censistent with the closed vowel shoxf?;e-5
ening hypothesis mentioned in the introduction. How-
ever, an interaction between the syllable structure
and the postvocalic ccnsonant was also obsery d

The size of the difference in vowel duration betuz :
the two tvpes of syllable stucture (hetero and t_ae‘:l
tosyllabic consonants) was not constant for the foEr
types of consonants examined. Indeed, at last in
three of the four consonants cbserved the size of
this difference corresponded to the amount of coar-
ticulation expected between the /l,r,s/, based on

o

?\ 290 . . v T

1 het.
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g 270 | 4
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> 260

. L d
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& 250 |+ taut. d
240 | J
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vowel + consonant

Fig. 3 Mean durations of VC-sequences as a function
of consonant type and syllable boundary

Klaassen-Don's [3] results. Only the durations of
the vowels before /m/ did not follow the expected
pattern, since despite its low coarticulatory meas-
ure found by Klaasen-Don [3], large syllable strucs
ture effects were obtained. Our hypothesis on the
relationship between coarticulatory strength and the
effect of syllable structure on vowel duration
clearly does not tell the whole story. Further
research is needed to identify other factors also
playving a role in the determination of vowel dura-
tion.

The same can said for the VC durations we measured.
Other factors may play a role, and obscure ten-
dencies as they are not equal in their effects for
the different consonants involved. These factors are
(among others): the lengthening of /s/ when it is
syllable initial, the influence of the following
consonant in the tautosyllabic condition (cf. Umeda
[10]), the lengthening effect of stress, etc. We
may, therefore, not be surprised to see that the
above mentioned expectation on the basis of vowel

consonant overlap is not confirmed by the data given
in figure 3.

CONCLUSION

The results obtained in our experiment suggest the
two following tentative conclusions:'coarticulation
énd timing phenomena are related, and coarticulation
is sensitive to linguistic structure like syllable
boundaries. These conclusions were derived from our
observation that syllable structure has a differen”
tial effect upon vowel duration depending upon the
properties of the postvocalic consonant.

Our.results show that to arrive at a proper chardc
terization of the acoustic properties of speech, W
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cannot view speech simply as a linear concatenation
of phonetic segments, but we must take; into account
its linguistic (i.e. syllable) structure. Research
in the perceptual domain has also revealed the
importance of linguistic structure in determining
subject's perception performance. For example, in a
phoneme monitoring study [6], French subjects showed

a

preference for syllabic segmentation. When

presented CV or CVC targets (like /ba/ or /bal/) to
detect in words whose initial syllable was this CV
or CVC (like 'baSIance' or 'balScon') they reacted
quicker when the syllable structure of the target
matched that of the target-bearing word (like /ba/
in 'baSlance').

This production study represents a first step in
identifying the acoustic cues supporting decisions
about the identity of segments and syllables. We
found that syllable structure influenced vowel dura-
tion to varying degrees depending upon the postvocal
consonant. The variability in the syllabic inluenc-
es could have interesting consequences for studies
in speech perception. In particular, since the syl-
lable structure effect in French has only been test-
ed with one class of consonants. (liquids), it is
important to establish whether this effect general-
jzes to other types of postvocalic consonants and
syllables or whether it depends specifically upon
the strong allophonic. character of the vowels and
liquids used. We are currently conducting phoneme
monitoring experiments in French with the aim of
determining the role of syllable structure in lan-
guage perception.
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ARTICULATORY DYNAMIC ORGANIZATION OF WORD
PRODUCTION ACCORDING TO CINEMA X-RAY
PHOTOGRAPHY DATA (METHODS OF INVESTIGATION
AND RESULTS OF APPLICATION)

SKALOZUB L.G.

Dept. of Filology, Laboratory of Experi-
mental Phonetics Kiev State University
Kiev, Ukraine, USSR, 252017

The definition of the dynamic ar-
ticulatory orgaenization of words accor-
ding to the cinema X-ray photography
data is based on the comparative analy-
sis of regularly resumed micromovements
(impulses), superglottal (tongue) and
glottal (the pre-laryngal part of the
pharynx) ones, in speech orgsns. The
;galisiatiesglzed in the definition of

rtic
syifabie ang %hgrgo%&dégagéggsagfighe
the consonantal and the vocalic types
of articulatory activity determined
by then.

It has been proved that the natu-
re of the word entirety can be defined
on the segmental level: syllables as
segments of CVCV word types unite due
to interconnection of modal indications.
This makes up the structural nature of
the word.

In home linguistics word has been
studied both as an entirety and as an in-
tersystematic unit for the last decade

The entirety of word is understoo&
ag the entirety of a syntegmatic unit;

. the analysis of phonemes and establish-

ment of regularity in their distr
and combination are considered toigggégg
on the entirety of the word amd its in-
herent morphological and syntactical cha-
racteristics, Investigations in a number
of languages carried out by L.G.Zubkova
resulted in a series of universal and
typological regularities /1/. Phonemic
structure of the word is acknowledged as
gne of its universal properties. If h
een proved that distribution of phon:E
mes, first of all of consonants, and th
goncrgte specificit¥ of their ésitio N
tiggingdmg? ;gi ugi y with their phongg’
typolgfégi%pnatgge?al properties, is of
g out regularit
ganization of word ggtiretiegnogh:hg a6t
process is one of scantily explored p:ech
blems of linguistica end psycholin oo
» 88 well as of general®and e Seris
mental phonetics. Detection b

characteristic properties of°£1§’§ﬁ§§gme-

~entire

na in a linguistic system is an indes-
pensable condition in defining the enti-
ty of languasge. In the process of speech
activity, and first of all of its pro-
duction gnd perception, language exists
ag & sociel as well as a dynamic pheno-
menon, as an individual speech experien-
ce of agg personispeeking a living lan-
guage, e experience which -
vestigated./18/ 1s to be in
A method of cinema X-ray photo -
phy worked out in the Laborazogy ofgéi-
gerimental Phonetics in Kiev Shevchenko
tate University serves to investigate
the perceptive and articulatory sound
manifestation of the word in its dyna-
mics, and not in statics. /4, 5, 7/
b The experimental material presented
ty cinema X-ray photography enables us
o investigate the last link of speech
groduetion - the direct process of syl-
1:216 formation and uniting syllables
o words as entireties. The object of
;esearch made by means of the cinema
-ray pictures is in fact transient: it
:ﬁflects results of the production of
e syllable as & most complicated com-
g::gn: of speech activity, and at the
sa : ime, characteristics of sound seg-
ch§r2c£:::gtzio?ally called articulatory
namicilly bt i:. manifest themselves dy-
linear succession of cinema X-
gizges obtained at the rate of 28—5§ i
Ira 8 per second, was transformed into
sibggrgtive schemes, which made it pos-
S ee 0 observe at the interval of eve-
sgperg§g:ga§he changes occurring in the
tus. part of thg speech appara-
The detection of A ‘
tory t:ndencies workingyg:migeazzéggiied
syllabiy of Russian CV syllables in di-
S :i::;:qxwaa the main objective
ted hore. -ray photographs presen-
E:{h;g: oi Processing of the experimen-
ol artgr al as well as segmentation of
oue o aculatory continuum were carried
bt & ccordance with the modes descri-
%hthe author. /6, 7, 8/
ticulate definitions of the notions "ar-
vocali ory dynamies", "consonantal and
¢ activity types", "modal and qua-
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litative indications"used in this paper
are based on the analysis of the micro-
movements occurring regularly in the su-

perglottal end glottal speech orgens, but

being differently performed in the arti-
culations of consonants and vowels.Con-
ventional abbreviations TI end PLI mean

superglottal and glottal activity accord-

ingly. The superglottal activity mani-
fests itself by impulsive muscular cont-
rections of the tongue (in the form of
¢lasping and unclaesping movements). The
glottal activity is relized by impulsive

downward and upward movements in the pre-
larynx zone of the pharynx (PLI). The su-~

perglottal activity is different with
consonants end vowels: with consonants
it is intermittant and frequently resu-
med, which results in the development
and the establishment of & certain form
of the tongue (the consonant activity
type); with vowels it is respectively
continuous and leads to the muscular
contraction of the whole tongue, and
consequently to the increase of the su-
perglottal resonator (the vocalic acti-
vity type). The glottal activity (PLI)
is realized uninterruptedly from the be-
ginning of the gegment (the syllable,

the word) and up to its completion./6, 9/

The rate of downward and upward mo-
vements in the pre-laryngal pert of the

phargnx (PLI) is lower with consonants
and higher with vowels. The rate of mo-

vements (contractions) of the tongue
(TI) at the beginning of a CV-syllable
is higher during the consonant and lower
during the vowel articulation.

The correlation of such parametres
of the tongue (TI) and the pre-laryngal
impulses (PLI) as the rate of develop-
ment, duration, amplitude, synchroniza-
tion - nonsynchronization of matching
have been basic ones for the definition
of & new notion - that of model articu-
latory indications of syllables and
words, It's according to these indicati~
ons that the consonantal end the vocalic
types of articulatory activity are dis-
cerned. /7/ :

The superglottal activity (T1) is
responsible mainly for qualitative, and
the glottal activity (PLI) for model vo-

calic indications of the syllable and the
word as entireties. The notion of articu-

latory dynemics implies first of all mo-
des of development of articuletory ef-
forts, modal indications. /6, 9/

which menifests itself both in the cont-
rastive dynamics of its components and
in the greater duration of the syllable
peak (the vowel); 2) by relative separa-
teness of the dynamics of the Ist and
the 24 syllables, which is evident from
the contrast of interruptedness - unin-
terruptedness of the TI cycles and from
the rate difference of PLI at the sylla-
ble boundary.

Though vocalie activity comes to
its maximum at the end of the first syl-
lable, the articulation sonority grows
towards the end of the word: from inter-
ruptedness to greater uninterruptedness
of TI, from the greater to the lower
uninterruptedness of PLI. The continuity
of articulatory dynamics in the word of
the CVCV type manifests itself in two
ways and can be represented 1) by the TI
line in which the growing rate of rene-
wing TI is followed by deceleration and
becomes minimal at the end of the first
syllable, while in the second syllable
the transition from the higher rate to
the lower rate of renewing TI is shorte~-
ned; 2) by the PLI line where the higher
rate (interruptedness) in the first syl-
leble is followed by the lower rate and
then, in the second syllable, the rene-
wed impulses grow more frequent. Both
lines correlate in rate indications.

A mutual compensation of the two growing
amplification types seems to take place.
This mekes the articulatory dynamics of

the word uninterrupted end entire (Fig.1)

lja-gal aro

255
INDICATIONS:

—= = HORIZONTAL
CONTRACTION

| verTicaL
§ CONTRACTION

‘—:-' UNCLASPING

t UPWARD PL
MOVEMENT

e Jo Iy Jo Jo_J» Rk b -

i DOWNWARD PL
MOVEMENT

~Ho

= STRONG UN-
CLASPING OR
CONTRACTION

BEYOND IMPULSES!
«— ADVANCE AND
—= BACK MOVEMENTS

OF THE TONGUE OR
PHARYNA WALL

The articulatory dynamics of words A 2l nelig
of the 'CVCV and CVCV types was analysed % ey pru g
and described by comparing the modes the 72| oF
consonental and the vocalic activities [ or
are realized. The results of the anelys- o —T7
is are illustrated with the words L2 - ’
/jega/ end /3iga/. 2 N —1/

According to the obtained data, the 2% O N4
CVCV model is characterized 1) by articu- 277/ Q% eI
latory tension within the first syllable, 27| ~y
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Consequently, the CVCY word type is one
of the existing organizationsygf the
uninterrupted integrity of the word. The
peak of sonority is next to the second
syllable. This syllable completes the
growth of amplification developed within
the word, making up its high-~rated short-
ened final phase. The end of the first
ayllable, the moment of its peak is ac-
companied by the growth of amplitude of
PLI and their greater uninterruptedness,
which matches the uninterruptedness of
TI. There is every reason to regard these
facts as manifestation of the growing
tension, as indications incarnating the
unity of syllables as well as stress in
tye word of the CVCV type. Maximum of ac-~
tivity, both superglottal (tongue activi-
:glean:rglgzggl, which 1s prosodic by na-
’ e ispens
sure, o stress.%en able to the realiza-
In the CVCV word type th
syllables is attained dgg to : :;é:gagf
gﬂffelation of the development of TI and

The integrity, the unity of th
ggnents in the rirét syllablg manif:s%gm
fs;%fmi: ;hat atiower rate and duration
atche
fower rate o? !ge dgvgfggﬁggtdgfagi%nignd
the initial part of the syllable, chan-
ginshigithgr intotsome other correlation
e greater unint
duration§ of TI matches tﬁﬁrgggggﬁiss
interruptedness (brevity) of PLI. Such
development favours the initial part of
the syllable to become a vocalic thre-
gggigiofdthelword peak, owing to a syn-
¢ de
¢hro incre;gigg?ent of TI end PLI, their
The correlation of the f
second syllables in the CVCV :5?2 :;get?e
of a peculiar type. °

The organization model of

tory dynamies in the CVC% word :;;icgla-
iembles the impulse developing acco ng

o the scheme of rising sonority: a h
monious vocalic beginning, when ihe fgr-
8yllable conditions the development ofrst
:egtggn%hgo¥zgn§ntal-vocalic peak comple-
bed by the vowzlovocalic segment of the

The amplification of the

;getgrog%ggnce of the stressedpggﬁiaii:'
1 e word type is attained 1) due

o0 a contrastive, rmitually compensati
relation of syllables according to t;ng
modal indications: the connection ofetr
%ig pre §§§§§§n(§fxghe “ogug, {2 and N

- in the f£i

2ie leads to a more rapid deveigzm:ytla-

e intersyllabic transition. It aln of
giomotes the development of modal i:gi
tooggmin the second 8yllable, which g om
tou thpensi.te the absence of contraat:em
and e relative equivalence of TI

in the first syllable (Fig.2). &nd
»

2) owing to a synchroni
c d
TI and PLI at the head of :gglgggggg :§1
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lable and to the frowing rate of deve-
lopment of these impulses connected with
synchronization; 3) due to further non-
synchronous yet contrastive development
of TI and PLI, as compared with the final
syllabic segment; a maximum of vocalic
intensifica:}on of TI is observed, which
e a ¢o
T8208e 8nS 2R tSRuguS onty the Fio8E  duFgbive
component of the syllable increases as
well as the vocalic completion of the
word; 4) owing to the growing number of
smplifications of PLI (three PLI's cor-
relate with a single TI which unites the
end of the consonant and the vowel).

ljt-qal 4ra
PLI

TI
5 [hg ) 1‘; 0—] T /.

204

4 |0 T
29300 -
moo *

The growth of amplificat
ion and du-
:;{i:glgfithe components in the second
the onl 8 caused by different reasons:
chronou:onant grows longer owing to syn-
oagnous actions of the superglottal
glottal amplifications and their

8peeding-
vowel; £-up before they unite with the

uration and sonority of th
vo-
:iigigﬁzeize in consequenceyof lengthe‘
(i rhes pulse of the tongue activity
e of the tongue contraction be-

comes r
Simultag%gggggly uninterrupted) and &

- growing f
Pre 1%§y¥§glw%g8u%gagggng:;;ency of the
unstressed 8yllable differs b;ygerzgz-

tive unint
Something 11kergoness of TT and PLI,

foxes place: the beginming of FLI ma-
of t e end of TI, Th
he syllable 15 notable fgrbgzéggéggr
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rate of TI and a lower rate of PLI; the-
ir end is Adistinguished by the reverse
correlation. Here the consonant shares
with the vowel the function of syllable
formation to a greater extent than the
consonant of the second syllable. Conse-
quently, the beginning of the word is
realized as growth of vocalic activity.
Further, continuity changes into inter-
ruptedness, that is into a synchronous
jnclusion of TI and PLI going at & higher
rate. The second segmentof the word,
which involves the beginning of the con-
gonent end the moment of its joining the
vowel, makes up the beginning of the peak
of the word organization. The final word
segment is represented by a vowel, which
dynamics differs by the combination of
maximum continuity of TI (the maximum
lengthening of the contraction phase of
the last TI in the word) and a simulta-
neous maximum interruptedness (frequen-
cy) of the PLI in the word. This results
in the amplification of the vowel, that
is of the end of the second syllable,
and accordingly in the amplification of
vocalic characteristic and in the sono-
rity of the word end. Within the word of
the CVCV type, as well as in the sylla-
ble, acts a dynamic model, i.e. an im-
puls%?ade up by_the fo}lowing scheme_of
matching superglottal tongue) and %lot-
tal (prelaryngal)emplificetion(Fig.2).

Thus pre-laryngal amplifications
play the leading part in making up the
integrity of the word: its common ascen-
ding line (the first stage of develop-
ment) going from higher to lower inter-
ruptedness, that is from lower to higher
frequency of occurance, unites the ini-
tial syllable and the consonent of the
second syllable. Thelr following resump-
tion adjoins the vowel to the consonant
of the second syllable, making it more
durative and sonorous. The gsonority of
the consonant in the second syllable de-
pends on the first ascending line of the
development of PLI. Thus voicing of con-
sonents in the Russian speech is an in-
dication stipulated by the organization
of word as entirety.

The second stage of the resumed
amplifications of PLI is marked by & lo-
wer rate and a greater amplitude of im-
pulses. This stage serves to complete
the prominence of the end of the word.

A1l said above enables us to main-
tein that the articulatory organiza ion
of the word as an entirety (the CVCV and
cVoV models) cen be defined (at the seg-
mental level) as a phenomenon realized
in the correlation of modal indications
of syllables; within syllables it 1is
realized in the correlation of consonan-
tel and vocalic activity. The unity of
syllable components as 'well as syllables
depends on modal indications.

The analysis which has been carried

out gives reason to maintain that the
described models (schemes) of word arti-
culation are originated and produced as
entireties. These entireties have their
own maxima, and the shapes of thelr de-
velopment before end after the maxima
are not identical. The segments of each
model are mutually conditioned. Thus iso-
morphic character of both models mani-
fests itself. There is every reason to
speak, on the one hand, about isomorphism
of the articulatory formation of sylla-
bles within words, and, on the other
hand, about the organization of words.

The segment that embodies the arti-
culatory maximum is most likely the defi-
ning segment in each model. The models
'¢YCV end CVCV differ in the way of their
modal organization and position of that
segment.

Changes in the rate of glottal and
superglottal impulsation and ways of the-~
ir matching are the crucial mechanism of
realization of the segmental or%anization
of the word, the dynamic and ar iculato-
ry structure of the word, as a unit of
speech production.
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ACQUSTIC VARIATION

ABSTRACT

Dialectal variation in Estonian
consonant palatslization (as a s
articulation) can be acco&nted fg;oggary
terms of lgcation of the maximum effect
of palatalization in the time dimension
(*prepalatalized” vs "postpalatalized")
The same acoustic property can be used :
to descride cross-linguistic varistion
in palatalization. The effect of
palatalization is manifested mainly in

rise of the freguen
formant. gquency of the second

3. Specification of the Peature
ala 126

Eizgﬁgii;aflgg ig the s?nse of s
erticulation {(Internati
Iglégnetic Alphsdet (IPA): 5 ¢ x;ilgﬁgl
er consonants /1: ig
%nlthis nsonen /1 13T i approached
alatalization hss been tr
single {eature both in thee§;:d e
t;an§crlption system snd in the
distinctive feature system of Jskobson
Fa?t, end Halle (the feature Sharp ’
/27 31/, In latgr distinctive feature
systems palstalization has been defined
&8s & particular festure combination:
[+§i§gé -back] in Chomsky and Halle
/3 / or Eigh, Front in Ladefoged

R
obscn, Fent, end Ealle
acoustic correlates to thegiogg::inct'
festures. The festure Sherp, by cont ast
with phe feature Plein, ‘maﬁifests iiaSt
;elf in a slight rise of the second i
hgrment snd, to some degree, also 4f th
igher formsats™ /2: 31/, Hence, the twe
::;;urgs arefrelational, based én °
erison of the pslstali
conscnents with thg ncn;ii::ilggidSharp)
(or plain) consonants, everything el
(context, spesker) teing equal. The s¢
festure Shgrg is defined =s ingerent
{vs prosodic), without any reference t
sequence. "No cozparison of two point °
in & time series is involved" /2. 13/s

AND TYPES OF PALATALIZATION

ARVI SEPP

Dept. of Dialectology
Inst}tnte of Language and Literature
Tallinn, Estonia, USSR 200106

Fall of the frequency of F1 (formant on
can compensate for 72 rise in perceptioz)
/5: 6/. Ladefoged /4: 75/ also uses
frequency og F1 to specify his acoustic
features Hglght and Backness which to-
gether define palatalization in his
distinctive feature system. See also /6/
and /7/ where concrete lists of simple
g?yz;:at parametirs and their usual lack
~Lo-one relation with linguisti
gategorles (features) have beenggizzégted
7:2§urements /8: 22C/ /9: 150/ /10: 61/
the-fB/ /5: 3/ /12: 10/ have shown that
tor requency of F2 is indeed the main
who: sufflcienp) acoustic parasmeter, -
who e values differentiate palatalized
g sonants from nonpalatalized ones.
vg:§:§§éncgntextual and inter-speaker
acconnted fgi ;gg.been satisfactorily
;ggt::ﬁzalevar;ation has been considered
. comparison wi
for nonpalatalized gonsogan;;th;alues

frequency values £
or pal i -
nants, measured at thP atalized conso

Sy & e terminal point
ggzilgn}ng or end) of a vowel fogmant
sition, are less variable over

1) different vowel envi
&2) glfgerent consonant;rg?m:gzssame
) point of articulation"
:g§§onant§ of different "point of
dent:§13t1on" series (labials
Intest? ai’ vela;s) /8: 223/, ’
thresha g €T variation. Two separate
sore vsgfevaiues have been proposed for
ey ! male speakers. In Russian, the
palatalizegOInts of F2 distributions for
Sccurzed oo :nd nonpalatalized consonants
2900- soa02% ZOO Hz for males, and at
oo takenai‘ or females., (Feasurements
Nere ke flthln the consonant or et the
cotent 18 Wetverapy s, pon e oo
e L . t 4/,
lu%:tt:§:l values.difrer lesé than abso-
tay percegiagzrbhlgh_and low voices. Z.8.
palatalyony Y which F2 frequency of

30% in T - to be approximatel

valuez fizinia? /9: 146/.p§lthough sgch

Palataliges i 08 coTparison with non-
Zed consonants) show less
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inter-speaker variation, they are more
context variable than the absolute values
(because of the contextual variation of
nonpalatalized consonants). Normalization
for F3 frequencies has been attempted in
some cases /11: 4/,

Palatalized and palatal. It is not clear

Wether the acoustic dilfference between
palatalized and palatal consonants (1IPA:
c K.Eg;i j) is that of degree or whether
any Téw ecoustic parameter is involved.
The two sets of consonants rarely cont-
rast within one language. University of
California, Los Angeles, Phonologieal
Segment Inventory Database shows pale-
1ized dental/alveolars and palatals of
the same manner class contrasting in
Irish:
to distinguish in IPA three degrees of
palatalization /14/, e.g. p 1y and
(Estonian) A. =~
5. Accounting for Dialectal and Cross-
Tinguistic variation
Dislectal (or cross-lianguage) comparison
may complicate acoustic descriptions by
showing consistent differences, not
accountable for in terms of acoustic
properties (parameters) used to specify
established linguistic features
(distinctions). This may point to the
lack of cross-linguistic acoustic in-
variance of the distinctive features
(categories) (see discussion of "al-

veolar" in /15/ /16/). Or it may indicate

that distinctive features (categories)
cannot account for all audible (non-
contrastive) differences /7: 500/.

5.1. Estonian dialects. Both in terms of
Iinguistic distribution of palatalized
consonants /17/ and acoustically, Esto-

nian exhibits a variety of palatalization

types. Preliminary analysis of spectral
characteristics of palatalization in VC
Evowel consonant (vowel)) sequences
frequencies of formants were calculated
using linear prediction analysis /18/),
reveals that palatalization in Estonian
dialects varies with respect to the
following (acoustic) features:
(1) Location of the maximum effect ("fo-
cus") of palatalization in the time
- dimension. .
(2) Characteristics of coarticulation in
the sequence VCV in different vowel
combinations.
The "focus" is defined either (1) as the
point (interval) in which the frequency

of F2 of palatalized consonants maximally
exceeds that of nonpalatalized consonants

(in phonologically (near-)minimal pairs)
or (2) as the point of maximum F2 in
symmetrical vowel environments., Location
of the"focus" on the time axis can be

measured towards the left or right of the

V-C boundary. An earlier "focus" on the
time axis is accompanied by shorter tran
sition to the following vowel. See Fig.

for two (extreme) types of palatalization

neand p /13/. It has been proposed

contrasting in the location of the maxi-
mum effect (A) at the transition from the
consonant to the following vowel ("post-
palatalized") (B) at the transition from
the preceding vowel to the consonant
("prepalatalized").

2.2. Russian vs Estonian. In both langua-
ges palatalization can distinguish word
meaning. Russian yes "weight" vs ye
“"entire". Estonian palﬁ'vs a "beam",
Russian has been the model Ianguage for
the acoustic study of palatalization.
Dentals, labials, labiodentals, and in
more restricted environments (not word-
finally) also velars palstalize in
standard Russisn, In standard Estonian,
palatalization is limited to the position
immediately after the vowel of the
primary-stressed syllable; and only
alveodentals t s n 1 can be palatalized.
F2 frequency values corresponding- to
palatalization, assuming a single value
per (phonemic) segment, overlap in the
two languages /13/. Time location of
maximal F2 frequency change is a more
stable characteristic of the difference
in palatalization ocetween Russian and
standard Estoniasn. The difference can be
expressed in terms of the percentage by
which the frequency of F2 of palatalized
consonants exceeds that of nonpalatalized
consonants (a) at the beginning and (b)
at the end of the consonants:

Russian Estonian
5 alveodentals
(ag 12 o4
(b 42 3

(based on data from /5/ and /9/)

In Russian palatalization is manifested
most prominently at the release of the
consonant and at the transition to the
following vowel, if any vowel follows
(althouzh F2 frequency in the preceding

V and within C are influenced to a lesser
extent). In standard Estonian, the maxi-
mum effect appears at the transition from
the preceding vowel to the consonant
(presence of the preceding V is obligatory,
word-initisl C does not palatelize).

The difference in palatalization between
Estonian dialects as well as between
standard Estonian and Russien is similar
to that, expressed with special features
in /13%/, nasalized : nasal release (post-
nasalized); aspirated : preaspirated.

A general need for acoustic specifice-
_tions to be time-varying /7/ /20/ and
context-sensitive /21/ or in terms of
longer units /22/ has been admitted.

2.3, In summary, one and the same acoust-
ic parameter, the fregquency of F2,
distinguishes palatalized consonants from
nonpalatalized consonants in all known
cases (although contextual effects and
normalization for high and low voices
have not been sufficiently elasborated).
wages"
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To account for dialectal and cross-
linguistic (non-contrastive) differences,
time-varying values of the same parameter
must be considered.
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LES INDICES ACOUSTIQUES DU TRAIT DE VOISEMENT
DANS LES OCCLUSIVES DU FRANGAIS PARLE A MONTREAL
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_ Résumé

La distinclion des occlusives entre sourdes et sonores
larsqu'elles sont en position initiale de syllabe peut
rgppser sur'plusieurs indices. En frangais, on est ame-~
neé g considgrgr le rélte prépondérant du VOT & cause ae
la_ tenue voisee des occlusives sonores. D'sutres in-
dices peuvent sussi contribuer § cette distinction; ce
Son_t entre autres 13 durée de l'intervalle silencieux, 1a
varigtion Fg de 1a voyelle suivante, la pente et 1g du’rée
des transitions, en particulier celles de Ty.

N_ous gvons verifié I'importence de chacun de ces in-
dices sur un vaste échantillon de 1302 consonnes
acplu51ves ir!itiales de syllabe accentuée et insccen-
tgee prgnoncees par quatre sujets francophones néé .et
vivant a lMontreal. A partir de mesures de fréquences
e‘t de duregs faites sur des sonagrammes, des compila-
tions statistiques ont été effectuées JLes résultat
montrent que, parmi les indices qui contribue-nt 8 1:

distinction sourde-
, 1 sonore, le YOT conse i
prepondeérant. e un roe

La dlsginction des occlusives entre sourdes et sonor
lorsqu'elles sont en position initiale de syllabe eest
rleposer sur pllus‘ieurs indices acoustiques. En francpm:g
l’on est amene'a'cpr?sidérer comme indice principal lé
¥OT selon 1a définition qu'en donnent Lisker et Abram-
son _[l], parce que le voisement débute avart 1a ry u:n
del occlusjnn et est compté en valeurs négatwesp Ore
les oc»:vclqswes sonores, et qu'il débute aprés 1a déts t'r
zaluet;ctun;:lde avec gelle-ci pour les occlusives suurdrl'se'
fes alors compte en valeurs positives ou i est egal &
Divers travsux portsnt sur le i '
Iangqes, notamment ceux de Figr::ecra-‘jzre:lang:mrss
Serniclses [3], Slis et Cohen [4], Santerre F?t Suen 2
Je‘el [6] ont souligné la contribution d'autres ora,
metres dar]s la caractérisstion du trsit de vais e
Ces pqrar_netres sont la durée de V'intervaile silerfmem.
la varistion de Fy eu début de ls voyelle suivan?eeulxa'

pente et 1a durée des transitions v
ers i
vante, notamment celles de Ty. '8 voetle sui-

Toutefois, les données disponibles ont souvent été
optgnyes & partir d'études effectuées sur des corpus
hlmltgs' quant & leur dimension ou encore & partir
d'experiences de synthése. Notre recherche poursuivait
donc un double but: 1° vérifier le rendement du VOT et
de; autres indices acoustiques dans 1& distinction de
vmsgment des occlusives dans te francais de Montréal
2° venflier ce rendement sur un grand corpus compté
tenu( quune consonne donnée n'est jamais prononcée
plusieurs fois de la méme maniére.

METHODOLOGIE

Duatrq (4) informateurs de sexe masculin Agés de 20
glrls, nés et élev\és 8 Montréal et n'syent pas complété
csetudes au-deld du niveau du secondaire ont prononce
258 phrases de quatre syllabes. Ceci a permis, entre
autrs_as, pour les besoins de la présente étude l,a pro-
duction de 1302 consonnes occlusives sourde‘s et so-
nores dans les trois positions suivantes:
1 :acncse?%uee et intervocalique (Al), illustrée par /b/
\. Inaccen?ggc:t((iTr;i paire dg bottes» {taperdabat];
centut e énosggfcallque (11), iNlustrée par /p/

3- Initisle sbsalue de
o > phrase (l1A), illustré i/
suivi de /a/ dans le méme énonc)é. ustrée par /

S:pz‘n'-l:énctzmme 1a dénivellation et 1a durée de Ty sont
oit s conte e JoUeNe adjscente, i1 fallait quil y
liques. Aussi ;3 reguiarité dans les contextes voca-
facon Sgstémétigiecc;nsonnes étaient-elles suivies de
137, 17 6t fur es voyelles /i/, fe/, /ef, 74/,
L'e i
conndr]i?;grir::”t des phrases a été effectué dans les
sonagromme én;emeures et on a tiré de chacun un
étroites. Lg o andes larges et un autre & bandes
rée de l'interga?;me-r a servi & I'etude du VOT, de la du-
T, de 18 vouerls e silencieux, ainsi que pour 1'étude des
des Variatioun suw&ntg. Le second & servi & 1'étude
Pour toutes ]7°’ de Fg au début de 1a voyelle suivante.
bandes Iarqeses mesures effectuées sur les tracés o
9es et étroites, des analyses multiveriées

40 Se 58.2.1

ont été effectuées par ordinsteur. Les tabledux
montrent les moyennes obtenues (moyennes générales
et maoyennes par position ou cantexte, selon le cas) ex-
primées en centisecondes ou en Hz, e nombre de con-
sonnes et les écarts-types par rapport aux moyennes.

RESULTATS
1.Le VOT

Le tableau 1 montre que le VOT a des valeurs négatives
pour les consonnes occlusives sonores et des. valeurs
positives pour les occlusives sourdes. Les valeurs
positives sont faibles dans les cas de /p/; on peut con-
sidérer que, pour cette consonne, le début du vaisement
coincide avec 'explosion. Par contre, /b/ mantre des
VOTs négatifs importants, et ce dans les trois posi-
tions étudiées.

Tableau 1
VOT des consannes acclusives

N M ] N M 5

/p/ 254 +1.1 29 /b 201 -72 29
Al 106 +0.47 39 Al 50 -a.1 162
I 104 #1377 204 no s =72 32
1A 44 +1.02 063 14 36 -6.04 32
ft/ 276 +36 2.8 fd/ 236 -5.1 35
Al 96 +41 2.6 Al 76 -55 39
i 128 +32 30 il 99 -55 305
1A 52 +35 26 1A 61 -40 37
/k/ 216 +3.65 1.95 /g/ 141 -58 3.6
Al 65 +43 16 Al 75 -6.1 35
I 103 +34 22 I 49 -57 32
A 48 +33 18 1A 17 -5.1 49

N = Nombre de consohnes
M = Moyenne
S = Ecarts-type

Dans le cas des dentales et vélaires sourdes /7 et &/,

Par ailleurs, Vexamen des ecarts-types permet de
constater qu'il y a peu de recauvrement dsns 1es en-
sembles, ce qui signifie que, dans la grande majorite
des cas, le VOT pourra étre un indice sufficant servant
4 distinguer les occlusives sourdes des sonores. Tou-
tefois, on doit noter que le VOT & un carmportement
gussi, il y a lieu de considérer séparément la paire /p~
b/ des paires /7t ~ d/ et Jk~ g/ Les poarts-types
maontrent en effet que /pd peut svoir un VOT négatif, un
déhut de voisement gqui anticipe légerement sur ’
l'explosion. Néanmoing, la distinction /p~ b/ est sau-
vegardée la plupart du temps & cause des valeurs néga-
tives importsntes du YOT de /b/. Dans le cgs des
paires 7/t ~ d/ et fk~ g/, il 4 a davantage déquilibre
entre les valeurs positives du YOT des sourdes et les
yaleurs négatives du VOT des sonores. Des passibilités
de neutralisation subsistent toutefois surtout en posi-
tion initiale absolue.

2 La durée de 1'intervalle silencieux (st)

La durée de l'intervalle silencieux ne peut cohtribuer a
1a distinction de voisement gue pour 1es CORSoONnes en
position intervocalique. En position initiale, en effet,
I'shsence de segment précédent empéche de déterminer
1e début d'un tel intervalle. Le tableau 2 montre que,
en moyenne, Vintervalle silencieux des occlusives
sourdes excéde 1égérement en durée celui de leurs ho-
maorganiques sonores. Toutefois, exception faite de 1o
paire /p ~ b/ en position accentugée intervocaligue, 1a
différence de durée est inférieure & 1 cs. et tous les
écarts-types sont supérieurs & cette valeur, Par con-
séquent, un grand normbre des consonnes sonares de
notre échantillon ont un S! plus long que Teurs homor-
ganiques sourdes. La durée supérieure du Si des occlu-
cives sourdes est danc une tendance qui se dégage a
partir d'un ensemble d'eccurrences relativement vaste.

Tablesu 2 »
Durée de 1a tenue des acclusives (cs.)

N M S N M 5

le VOT montre des veleurs positives, de 3.2 cs. ou plus. /p/ 210 89 214 /b/ 165 806 1.56
Le début du voisement marque donc un retard par Al 106 85 25 Al 50 8.2 16
rapport & la détente, ce retard étant 1égérement plus i 104 84 1.6 It 115 802 15
important lorsque la consonne est dans une position
sccentuée que lorsquelle est en position inaccentuée. /tf 224 731 2.1 fd/ 175 6.49 153
Les ocelusives sonores /d/ et /g/, pour leur part, ont Al 86 74 24 Al 76 6.6 1.5
des YOTs négstifs, mais les voleurs stteintes sont o128 7.2 1.6 I 99 64 156
moins importantes que celles montrées par le VOT de
/b/ dans des positions comparables.  Four ces deux /k/ 168 7. 1.82 /g/ 124 68 1.65
consonnes, c'est en position initiale absolue que le dé- Al 65 7.44 184 Al 75 6.9 1.6
but du voisernent anticipe le moins sur V'explosion. i 10z 72 1.8 It 49 6.6 1.76
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3. La variation de Fg au début de 1a voyelle
suivante

Le tableau 3 montre 1a variation en Hz de Fg au début

Tableau 4
Dénivellstion et durée de la Ty de ta voyelle suivante

Dénivellation {Hz) Durée (cs)

Eie la-vogel.le .suivante. Une quantité affectée du signe N M S M g
plus® {+) .md]que une pente positive, & savoir que Fy
est plus aigu au point de contact avec la consonne et /nl 224 12 35 0.35 1.2
qu'il balssg en§uite. Dans le cas contraire, 1a quantité i 33 0 0 0 0
est affectée d'un signe "moins” (-). On peut observer e 14 1.4 29 0.14 0.36
dans ce tableau que le ton fondamental d'une voyelle e 36 13 28 0.43 113
suivant une acclusive sourde est plus élevé au point de A 2 33 61 1.05 107
contact avec cette consonne. Ce comportement se ma- ] 62 16 39 0.42 197
n!feste dans le; trois positions étudiées. Par ailleurs, 0 21 38 17 0.05 n-él
sila vogel‘le suit une occlusive sonore, 18 varistionde . U 3 3 16 0'14 aﬁ
Fo ap'pa\ralt comme étant trés faible. On sersit donc /bl 197 20 47 0.43 1.08
gmt_ane § conclure que 1a variation de Fy constitue un i 23 34 16.6 0'04 0'2
indice important dans la distinction des dcclusives e 14 2 10.6 0j07 0‘26
entre sourdes et sonores. Toutefois, les écarts-types € 34 39 62 047 (5
par rapport aux moyennes indiguent que les ensembles A 24 45 70 0.67 1'33
se recouvrent' largement, de serte que plusieurs con- 2 41 36 50 n'% I"E\
sonnes, parmi les sourdes et parmi les sonores font o 2 0 0 n {J
;arler Fg de 1a voyelle suivante dans le sens contraire u 33 0 0 0 :]
e celui indiqué par les moyennes A/ 248 ' .
; b o= S 14.6 43.
Si 1a varistion de Fg peut ainsi contribuer 8 la distinc- i 4 66 23 s 82?3 (;5'3
tion de voisement des occlusives, son rendement en e 527 2 17 0.06 0.41
‘t:g‘tvc‘l; lnﬁlce d‘e]merre limité, beaucoup de réslisations € 29 1" 2 0 46 118
uelles allant dans le se i : 43 . -
attendu. ns contraire de celui ? ?g ;1; ;:7) 12 175
0.75 1.4
Tableau 3 0 24 o 0
. . 0 0
variation de Fg au début de 1a voyelle suivante (+Hz) u 40 8 30 015 053
/4/ 193 334 ¢ ' '
N M . - 0 1.36 5.2
° Noonoos . o 6 24 135 76
\ 17 3 : 3
/p/ 293 +37 715 /b7 190 +0.15 5 . 1z s 39 0.40 0.58
Al 98 +22 82 . .8 75 1.7 1.98
. - Al 47 +006 63 A 25 )
i 74 +54 68 : : 78 §0 303 809
- 107 +11 54 2 22 6
IA 41 +41 68 . : < 3 72 1.65 1.77
A 36 -26 63 0 8
; A v o 16 45 0.5 1.4
t/ 246 +50 6.2 /47 186 +0.66 8.5 P 98 207 0.34 0.96
Al 86  +48 75 Al - k/ 199 276 58
I 93 +62 52 | 66 +16 120 i 30 '3 0.8 1.5
1A S1 438 & | 62 -45 54 ¢ g : 73 0.3 0.18
8 63 A 58 -07 sg . 223 21 012 05
5 ' 91 24 26
/x/ 18 A
Al 575 :3};5 ;"36 /9/ 114 405 62 2 2‘,’ 31 76 1.1 15
I 80 +74 84 Al 60 411 62 o 5 2 53 096 15
A 48 +43 57 :L 17 +043 59 .k 5.7 5 021 . 056
. S5 69 sy 1p3 oy M 027 08
i 63 1.7 2.0
. 1 16 5 : :
4. La transition T de la voyelle suivant e 15 17 20 0.12 0.3
. & ¢ 16 a7 48 046 124
Le tableau 4 montre po A n 65 27 2,04
dénivellation en Hz etDl:rdlizecg:s't:)::&sqeoccclusives la a 37 ?g 100 24 209
selon 1 voyelle suivante. Pecondes ge T, 0 12 |3° 99 5.2 2.01
- U 0 36 0.5 24
0 0
42
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En général, e YOT positif d'une consonne non yolzee

entraine une diminution de la dénivellation et de 1a
durée de Ty. Toutefois, on & vu que le YOT de /p/ est
bref et i'on peut constater que la Ty de 13 voyelle sui-
vante n'est pas yraiment diminuge en durée ou en deni-
vellation du fait que 1a consonne soit sourde.

La dénivellation et la durée de Ty de la voyelle sui-
yante contribuent donc & la distinclion entre oc-
cluzives sourdes et sonores, surtout dans le cas des
consonnes non labiales.

Pour ces cansannes, /4 ~ d/ et /k ~ g/, ces parameétres
ont un certain rendement & condition que la voyelle qui
suit ne soit pes une voyelle dont le Fy est bas, ce qui
est le cas de /i/ et de /u/. Lorsque le coniexte sy
préte, 1a durée de Ty contribue & la distinction sourde-
sonore parce que les transitions les plus longques sont
toutes le fait de 1a consonne sonore. La dénivellation
de 13 transition contribue aussi 3 cette distinction,
toutefois, 'on note des recouvrements d'ensernbles qui
cont de nature @ limiter le rendernent de cet indice.

CONCLUSION

Les relevés effectués sur 1302 consonnes occlusives
indiquent une tendence générsle pour les sourdes 3
comparter un VOT positif et un intervalle silencieux
plus long. De plus, Fg est plus aigu &u début de la
voyelle suivente et les Ty de cette voyelle ont des dé-
nivellations moins fortes et des durées plus breves.
Les occlusives sonores, par contre, ont un VOT negatif
et un intervalle silencieux plus bref. De plus, Fg 8u dé-
but de la voyelle suivante ne varie quére et les Ty d&
cette voyelle ont des dénivellations plus fortes et des
durées plus longues. '
Toutefois, il s'agit de tendances générsles et non de
cornportements systématiques; dans bien des c3as, en
effet, un indice donné varie danz le sens contraire de
celui attendu. On doit également noter I'influence du
lieu d'articulation, de V'accent, de 1a position ainsi que
du contexte vocalique.
En tenant campte de ces faits, 1'on peut conclure que le
YOT, 1a durée de Vintervalle silencieux, a variation de
Fg su début de 1a voyelle suivante, 1a dénivellation el
1a durée de Ty de cette méme voyelle sont tous des in-
dices scoustigues pouvant contritwer & la distinction
des occlusives entre sourdes et sonores lorsguelles
sont en position initiale de syllsbe. Farmi ces indices,
mére s'il ne peut & 1ui seul toujours rendre compte ge
la distinction de voisement, le VOT reste neanmoins
prédominant, parce que c'est Vindice qui présente le
moins de passibilités de neutralizations.
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ABSTRACT

The results of an acoustic analysis of Catalan voiceless
stops are presented and discussed in terms of the
mlsmjvramant‘:1 w;’rel;aﬁs fo§<> place of articulation within

lass of sounds. Both spectral shape- a
com@mtxonbetveenfrequ%?wks in the burst and
starting frequency of the formant transitions - and
temporal parameters - specially VOT - can be
considered as invariant acoustic correlates that
distinguish between labial, dental and velar place of
articulation in Catalan.

1.INTRODUCTION

Tlnﬂnoryofa:omﬁcinvarian:epropomdbysmvem |

and Blumstein claims that a particular phonetic
dmnmop must show invariant properties in the
speech signal across all languages [1). Invariant
acoustic correlates for place of articulation have been
found so far for English, French and Malayalam stop
consonants [2] but there is still a nead to carry out
research on other languages. Catalan is a Romance
languagg vith three non aspirated unvoiced stops
contrasing bilabial, demtal and velar place of
articulation ; 1ts vowel system contains seven vowels
m stressed position : [i], [e], [e] [a), [5], [0}, [u] and a
schwva [d] appearing only in unstressed contexts. The
purpose of this paper is to give the results of an
acoustic amalysis of Catalan stops, revieving both
frequential and temporal parameters that could
provide invariant correlates for place of articulation
in this language.

MARTIN WEST

Dept.of Applied Acoustics
University of Salford
Salford M5 4WT, UK.

2. ACOUSTIC ANALYSIS
2.1. SUBJECTS AND UTTERANCES

Three male and two femalenative speakers of Catalan
from Barcelona vere asked to read alist of 24 carrier
sentences confaining bisyllabic words with initial
woiceless stop-vowel groups in stressed position,

except for the schwa that was unstressed. The eight

Catalan vowvels vere combined with [p], [t] and [k},
giving atotal of 120 utterances studied.

Tlp recordings were made in anechoic conditions
using a Revox A77 tape recorder and a Sermheiser
MD 441N cardioid microphone, placed at constant
distance from the mouth.

22.METHOD

The recordings were lov-pass filtered at SkHz,
sampled at 10 kHz and stored on a PDP-11 computer.
14 coefficient LPC spectra vere calculated using a
128 ms Hamming window positioed at the
consonantal releass and automatically moved along
the signal in 2.5 ms steps until the steady-state of the
vovel was found Formant frequencies were extracted
Using an automatic peak-picki T

info;’!pgtion vas obtained %mmmmmwmmm
of digitised ostillograms, and checked for accuracy in
the vaveform display of a Briwel & Kjer 2033 narrov
band analyser. Narrow band spectra were also used to

Check the accuracy of the steady-state formant
frequencies for vowels. fo

2.3. RESULTS
2.3.1. Release Burst

The release of Catalan woiceless is accompanied
by ashort burst of acoustic emrg;tolz duration values

Se 58.3.1

averaged across all speakers and vovel contexts are
givenin Table 1:

Min Max  Mean 8D

] 1.1 102 371 217
[ 188 1922 671 367
[k] 43 464 1412 885

Table 1; Duration values for burst in ms.

It can be observed that burst duration is greater from
labial to velar place of articulation; this same trend is
observed in the data reported also for Catalan by
Marti [3]([p]): 8.6; [t} 13.6;[k]: 20.5ms ), differences
in the absolute values might be explained by the fact
that Marti made his measurements on spectrograms.
However, this has not been observed for Castilian
Spanish : [p]: 15.38; [t]; 15.62;[k]:21.86ms (Poch [4]),
alanguage vhich shows the same contrasting places of

* articulation for stops as Catalan.

Frequency values were obtained for the first two
prominent peaks (K1 and K2) in the LP spectrum vith
the vindov center positioned at the burst onset, they
are shownin Table 2:

K1 K2
134191 (321.32)  2060.64 (413.71)
It 1787.59 (250.68)  3027.74 (508.62)
(k] 1868.50 (689.86)  2949.49 (674.43)

Table 2. Burst frequency values and standard
deviation (in parentheses ) in Hz averaged for the two
male speakers across all vowvel contexts.

2.3.2. Yoice Onset Time

Voice Onset Time values have been measured for all
the speakers vith the following results:

Min Max  Meam SD

well known correlation betveen YOT and place of
articulation is maintained. These results agree vith
those previously given by Julia [5]( [p]: 3; [t]: 16;[k):
35ms) and Marti [3] ( [p]: 10.2;[t}: 16.1;[k]: 26.1ms ).
They follow the same pattern as those reported for
Spanish [6] ( [p]: 17.18 ms; [t] : 19.75 ms; [K]: 30.01
ms ), alian [7] ( [p] :12 ms; [t} 17ms; [k] : 30 ms ),
French[8] { [p]:28.5 - 27.6; [t] 31.4-35.4; [k]. 53-51.7)
or Modern Greek [9] ([p]: 9;[t] : 16, [k]: 30 ) although

in some cases absolute values might differ.
2.3.3. Formant Transitions

Formant transitions will be described by mearns of tvo
parameters:starting frequency and duration from the
onset to the steady-state of the vovel. Both have been
calculated by examining the successive LP spectra
starting at the omset of voicing. The average starting
frequencies for two male speakers are given across all
vowvel contexts in Table 4:

F1 F2 F3

Ip) 338.91 1019.02  2066.08
(7973)  (39051)  (400.15)

[ 351.11 16135 2640.2
(90.04)  (31396)  (236.47)

k] 358.34 172899 232674

(10247)  (596.88)  (28891)

Table 4: Averaged starting formant frequencies inHz
(standard deviation in parentheses) for two male
speakers across vovel contexts.

Both these results and Marti [3] show very similar
values for F1 in [p), [t] and [k], lower values for F2
and F3 in labial contexts, and higher values for F3 in
contact with the dental stop.

Tramsition durations are presented in Table 5. The
extent of the transition has been taken from the onset

of the formant to the steady-state of the vowvel. The

[pj 3.68 19.69 1175 4.09 dental consonant tends to show longer F2 and F3
(Y 774 4.4 17.35 7.43 transitions than the labial, while the velar appears to
[] 1227 9.5 28.37 9.76 have longer transitions than the other two stops. A
imi is observed in Marti [3].
Table 3: YOT values in ms averaged across all vovel similar trend 15 0 0 [3]
contexts. '
It can be seen from the table above that Catalan
voiceless stops show a short time interval betveen the
consonantal release and the starting of woicing.The
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Fl F2 F3
I8} 144(82) 208(49)  232(136)
1] 188(8.8) 25.1(121) 196(92)
(k] 256(9) 243(65) 236(39)

Table 5: Mean duration of consonant-vowel
tansiﬁominms(statﬂmﬂdeviaﬁoninpwenﬁma)
averaged across all vowvel contexts for tvo male
speakers.

3. DISCUSSION

Acousticglatapresemedsofarvillbediscussedin
terms of its potential role a5 invariant correlate for
place of articulation in Catalan stops.

3.1. FREQUENCY CORRELATES
approximation to the shape of the onset spectrum
could be obtained by plotting the frequency of the

bwstagmnsttlndifferemebetveenF3a1ﬂF2

frequency values at the omset of transitions. This is
shown in Fig 2:

4000 -
3000 {

2000

1000

0 000 2000
F3-F2Hz

Fig 2: Burst frequency ( mean valwe of the tfo
specta]peaksmeasm-gdinLPspecu-a)vsF&Fz
onset formant frequencies.

The degree of overlapping is similar to the ong
obtained when plotting only the first i
(K1) or only the second one (K2). profminent peck

It can be seen that this is not a completely satisfactory
classification in tarms of place of articulation,
particularly becauss it fails to make a clear difference
betveendental and velar consonants. A more careful
examination of the parameters involved shows that the
difference betveen K1 for [p] and [t] is statistically
significant ( t= 3) (1) but it is not so for [t] and [k] .
Similar results are obtained for K2: [p] and [t] show
significant differences ( t=4.1), but [t] and [k] are not
significantly different.

As for the omset of formant tramsitions, F2 can
distinguish between [p] and [t] ( t=4.7), but again the
onset of the F2 transition alone fails to separate [t]
from [k]. The results for the onset of F3 tramsitions
show asomevhat different patters: [p] is distinguished
from [t] ( t= 4.9) and [] differs from [k] ( t= 3.3).
Significant differences are also found between F3-F2
onset frequencies for [t] and [k] ( t= 2.9) but they do
not appear for [p] and [t].

It has not been possible to measure our spectra in
terms of the metrics developped by Blumstein and
Stevens [11]. An informal observation of data
presented in Table 2 and Fig. 2 suggests the
predominance of low frequency spectral peaks for
labialcomomntsatﬂalﬁghpeakattlnstmﬁng
frequency of the second formant for dental stops. The
high standard deviation found in K1 for velars (a
range of 2046 Hz for [k] vs. 628 Hz for [t] ) seems to
suggest the confluence of K1 and K2 in a
high-medium range of frequencies. This is in
agreement with Blumstein and Stevens templates, the
more problematic being the dental consonant.

Examiningchangminenergydisu-imnionbetveentm
Rﬁmmﬂtheonset of tramsitions it appears that
i eremebetveenthefreqmmyofspecu-alpeaksin
ttntgu;stspec&uma_xﬂattte onset of F2 and F3
?‘an[szp}.t%n.s grg)morfkixgniﬁmm for [t] (t= 10.9 ) than
or =6.5) or[k] (t=9.2), suggesting a stronger
change n spectral shape for denmtal place of
articulation infront of labial or velar stops[2).

3.2. TEMPORAL CORRELATES

311rstdu_rationhasheenfomﬂ to provide a mean of
erentiating betveen the three classes of
studied: differences are significant for [pHt] (t=4.4)
(2) and for [tHK] ( t= 4.8), the duration of the burst
increasing from labial to vetar place of articulation
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The same results hold for VOT, with significant
differences between [pHt] (t= 4.1) and even more for
[tHE] ( t= 5.6). According to these results, both can
provide temporal acoustic cues for place of
articulation within the class of voiceless stops.

Burst duration and YOT show astrong correlation

{ Spearman's rho = 0.6 for 40 paired observations )
although no correlation has been found betveen YOT
and mean vovel duration in the Catalan stop-vowel
groups studied.

The duration of the transitions does not seem to
provide a cue for place of articulation, since no
significant differences were found between the three
classes of stops.

Finally, a strong correlation { Spearman's rho = 0.9
for 40 paired observations ) was found between total
stop-vovel and vowel duration, although this is
independent of place of articualtion.

4. CONCLUSIONS

In summary, Catalan voiceless stops may be
characterized by a very brief release burst and a short

YOT, both increasing in length from labial to velar -

and by abrupt transitions into the following vovel.
Frequency parameters for the burst or for the starting
point of F2 and F3 tramsitions alone are not able to
discriminate among the three places of articulation,
but a gross characterization of the spectral shape at
t.tnconsomntz’zllrelweandattlnonsetoftransﬁ:;:tris;3
combining the measured sesm to provi
invariant mbxmngms fmmﬁc dimension. Inour data
the differenciation is clearer between [p] and [t] than
between [t] and [k].

Both burst duration and YOT can discriminate
between place of articulation, these tvo parameters
being strongly correlated. Differences in VOT
between [1] and [k] are stronger than betveen [p] and
[t]. This seem to suggest an inferaction between
temporal and frequency acoustic cues that would be
used in conjunction for the discrimination of place of
articulation independently of other factors studied as
vocalic context or speaker variation. This fact agrees
vith the concept of dynamic invariance proposed by
Blumstein[2]. -

(1) All t values are given for p< 0.05 and 30 degrees of

freedom . (2) Allt values are given for p< 0.05 and 77 degrees
of freedom.
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ABSTRACT

Tlns_ vork aims at an acoustic description of Spanish
plosives. A corpus of utterances taken from fluent
speech has been spectrographically analyzed. The
results confirns that there are invariant acoustic
properties for place of articulation in Spanish
plosives. These properties have been found in the first
s of the consonant. They are context independent

and ‘can be wsed so distinguish
articulation. istinguish betveen places of

1. INTRODUCTION

The study of invariant acoustic perties present §
ttnphomcclz_ainigom of ﬂn%nsubjec& int.tlnlr1
mearqhtlnnstahngpla:eatpmeminmefieldof
phonetics. Stevens and Blumstein have formulated a
- theory of acoustic invariance that claims that
invariance is the result of series of acoustic properties
thatemompms several components of the sound vave;
I..Jaoo\sucmvanmoorrespondingtoaparﬁmﬂaf

phonetic category or distinctive feature resides in the

acowstic signal /./ but rather is vided
integrated acoustic properties that ml;ro emompalg
several of these components® (Stevens, Blumstein,

; colm:stein.
(1974), Stevens (1975); Fant (1973)) thag mtlzérs:.t;jt
propgxﬁesmomtedvithaphomﬁc feature are
invariant from an acoustic point of viey that is to

they are independent of the context in vhich gy
feature is produced. According to Stevens and
Blmmtem(lQ?S)theinvm-iantmofthepla:eof
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articulation can be characterized regarding the
spectrum at a given moment rather than variations
through time, as for example, transitions. Thus, a
consequence of formant positions and burst
characteristics, the spectrum, taken between 10-20
msec. after the explosion of the plosive vay show
different characteristics for each place of articulation.
The present study follows this line, and concentrates
on Spanish plosives. Its aim is to determine, from an
acoustical analysis the invariant elements of the sound
vave that might characterize the three different places
of articulation

2.CORPUS

guwa&rp}n ofhi?;]ly[sli)s is consists of 200 sentences 8
e in v t k] alvays appear in the
pemultimate syllable which is also the one in vhich
stwsfalls.Th;ss&mtmtnsheenchosenbwmneit
corresponds, in number of syllables and stress

fact sinca the charactoristics of -speech sounds
according 1o the type of statement in vhich thayv;r‘z
inserted (Shoup, Preiffer, 1976)
Thereahzauomof[ptk] alvays appear in YCY
Sequences, vhere C represents the allophone which is
ﬁpgshrhedamvemh?f&ewvels of Spanish
I egr;;mlmheenrealmed by 6 informants, 4 male
- emale speakers, without strong dialectal
thstum (standard). For the recording, we have used
imol:gthod of inserting the utterance to be analyzed
saiﬂin:ent_ezm-_l‘rame the structure of whichis; "He
quiet voice; " and left".

3. EXPERIMENTAL PROCESS

Utterances have been . .
A recorded in an anechoic

Mﬂnmbe:Sl 4 » Vith an UHER 4000 Report-L and Uber
"1 microphore. , the corresponding

spectrograms have been made with a Voice Print
saries 7000 sonograph, in troad band and with a
linear range of 5000 Hz at the most Data
corresponding to burst, YOT and tramsitions have
been taken out from all these recordings.

The values thus obtained, which correspond to 1200
Spamish utterances, have been subjpected to a
computerized treatment by of the SPSS
(Statistical Package for the Social Siences).

4.RESULTS
4.1. Burst

The characterization of burst in spectrograms has
been realized regarding its duration and the range of
frequencies in which its energy spreads. The results
obtained show that the values that burst duration reach
are similar in male and female woices and also in the
different vowvels that follow [p t k]. It seems that stress
does not affect this acoustic cue either. On the other
hand, there is a difference between the values for
average duration which have been obtained in each
plosive:

- average duration[p]: 15,384 mssc.
- average duration [t ]: 15,267 msec.
- average duration [k]: 21,868 msec.

The burst of [k] is 29,65% longer than that of [p], and
28,539% longer than that of [t], the difference
betveen [p] and [t] being very small. )
From the point of view of the frequences over which
energy's spread, for all plosives, the energy of burstis
found in a band of frequencies of about 200 Hz. that
ranges from 800 Hz. to 1000 Hz. in 65-70% of the
utterances. Bursts next to front vowels have a
tendency to initiate the energy in bands of frequency
vhich are more acute than bursts beside back vowels,
although, in both cases, the significant band is still the
one between 300 and 1000 Hz. In respect of the end of
burst energy, the limit for [p] lies between 1200 Hz
and 4000 Hz. in 86,146% of the utterances. For [t]
burst energy ends between 2200 Hz and 5000 Hz. in
93,733% of the cases. And, finally, for [k], between
1200 and 3500 Hz. in 85,443% of the utterances. In
this latter case the energy is concentrated between
thess limits, unlike the cases of [p] or [t] the limits of
vhich can reach 4000 Hz., or even in the case of [t], to
5000 Hz., as mentioned above.

There is a clear difference in duration and

concentration of energy for [k] as opposed to the other
two plosives.

4.2.YOT

The values obtained for the YOT of [p t k] regarding
the different elements of variation have been the

following:

-[p}: 17,182 msec.

[t} 19,757 msec.

- [k}: 30,014 msec.
although there is an increasing progression between
the values for [p] and [t]. It is true that the difference is
very small. This is not the case the value of the YOT
of [k]). The YOT for [k] has a duration 40,78% greater
than that of [p] and 31,905% than that of [t].

4.3. Transitions

Spectrographic representations only shov a
“contimmum® of energy in movement it being difficult
or even impossible to establish a border line between
“transition” and “formant®. And even more if we deal
vith fluent speech. Therefore, we have decided to
determine the tangent between the point where vowel
energy begins and the frequency value that has been
obtained 20 msec. after the beginning of the vowel.
The tangent provides information about the degree of
slope of formants at every point under consideration
making it possible to measure formant directions and
the degree of inclination of slopes.

The results show that the values of the tangents of F1
are alvays smaller than those of the tangents of the
other formants. The slopes are always more marked
for F2. The wvalues of the tangents of F3 are always
intermediate betveen those of F1 and F2.

The values of the tangents are always greater when the
vovel follows the plosive rather than preceeding it.
The values at which the tangents of the formants for
front vowels preceeded or followed by back vowels
are higher than those arrived at when the preceeding
of following vowel is a front vowel. This implies that
the slope of the formant is more marked in
phenomenon can occur: the value of the tangent is
higher for back vowels when the preceeding or
following vowel is frent, in which cass, slopes are also
more marked. This fact leads us to cunclude not that
the direction and the value of the slops do not depend
only on the contoid under consideration, that is to say
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on the place of articulation, but also on the vowel that
preceads or follows the plosive.
Ttnslopesfortkaformntsaijwemto[p]mtbonly
ones that always take the same direction: descendent in
all cases. Those of the formants for the vowels
ad jacent o [t] follow Do regular pattern in the case of
Fl.AsforasFZmoomermd,slopesm,ingmaral,
descendent when the vowe! is front and ascendent
vhen the vowel is back. The slopes of F2 are usually
descendent with many exceptions. The F1 slopes for
(k] have no regularity and, although in some cases F2
a:ﬂF3tendtooonverge,thisisnottln@mraltrem
S0, in relation to transitions, to establish regularities
for a welar place of articulation is practically
impossible.

5. DISCUSSION

As&nresmtsﬁnthavebeenobm'mdmcentemd
upon the analysis of the behaviour of approximately
the first 35-40 msec. of the beginning of plosives, we
Can make a comparison between thess and the results
that Stevens and Blumstein have obtained. Their fixed
vindow of analysis of 26 msec. includes practically
the same consonantal segment than the ore analyzed in
this study. For these authors, the spectrum of the velar
place of articulation presents more amplitude in high
frequency peaks, and the energy is distributed over
the entire spectrum In the results obtained for
Spanish consonants, the dental-alveolar one presents
the larger distribution'in the energy spectrum of the
burst and second formant transitions, above, tend to
8o towards the high zones of the spectrogram thus
these data seem to coincide vith those of Stevens and
Blumstein. Accordi to these authors vould give rise
to a spectrum in which the frequencies with

amplitude are the lower omes (a labial place of
articulation). In our corpus, this place of articulation
shows a smaller amount of diffusion of burst energy
ttnnfor[t],tlnnﬁnimmnvalmsof\’OTaIﬂaregular
te!ﬂemyoftramiﬁomtogotoﬂnloverzoxmoftm
spectrum such as Stevens and Blumstein propound.
Firally, for a velar place of articulation, for which in

Spanish the VOT has a longer duration, the data -

oMned_alsoooin:ideviththoseofShevemam
Blurastein who propound a compact spectrum for [k].
In our cass, although transitions do mt shov any
regularities, burst erergy does, as it is always

6. CONCLUSION

Yiewed from the theory of acoustic invariance, the
data which have been obtained in this study for
Spanish plosives, allow us to state that there is indeed a
series of integrated acoustic properties (not only one)
that manifest themselves in an invariant manner for
each place of articulation These properties seem to
manifest themselves in the first msec. from the
beginrﬁngofﬂnbwsttotlnonsetofvomng"

corresponding to the vowel.
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ABSTRACT

Speech fundamental frequency estimation Such  problems requir itati
de\/l?es 'Bre usually designed to suit the method which enablesqdevgceape?lf"l:?;;l:::l:g
application for which they are intended. be compared using a speech input, of th
A technique is described which enables the type one expects when the device is in
operation of such devices, which operate use, against a standard. Then the sett”ln
in the time domain, to be quantitatively up of a device could be achieved ;22
compared. It is shown that the use of reference to a quantity defined, id |”11
this technique enables device operating by the designer, for a particular’r ead 3
parameters to be fine-tuned in a rigorous speech input, 8nd optimisation coﬁ‘lzgIr ge

manner. cerried out with quantified feedback as to
the szgcts that altering parameters has

on evice performance. Indeed if

INTRODUCTION appropriate controls are made availabie

. and the requi
Th:;e are many methods available for the rigorously gef§§ZZTt:hezf£ﬁ2: gsizziggg.be
estimation of fundamental period in Procedure could become anp aut tog
:E:eghil apd these can be separated into process.  This paper describes sﬁmg ©
ollowing categories as devices which quantitative technique for the Sment
operate: in the time domain on the speech of time domain  fundamental a?sessment
gg;::::rsn g;vefg;m h)(lggzé 1nft:l: f'::.equencz estimation device performance, r:ggen:z
’ s 0 e time an illu i i i i
the frequency domains on Sp, and directly UsedStrgﬁlonO;:img;;en 38 o omranan e
from an input gained at the level of the automaticall cvice  paramcters
larynx (see [1] for a review). To date no a
one device exists which reliably estimates
fundamental period from speech for all
speakers  in all conceivable operating
conditions. Thus the choice of a device
fqr,a particular application must be made
w1§h due attention being paid to errors
which are not acceptable against those
which can be tolerated. .

DEVICES STUDIED IN THE TESTS

The technique described below [2] can

be used with devices which are dgsignegnéz
produce 8 pulsatile output where each
pulge corresponds to an epoch of acoustic
excitation due to vocal fold closure,

F Such devices 1 :
Generally this procedure will involve the domai usually operate in the time
i | . omaim, and her .

222igzent:§1on .°f the devices under time démain dev?c:nisaizsad{h eSta§118hed )

0 ':ra’lon, in hardware or software, study. This is g k de e‘subgect of

:gsult i;s‘ not always clear whether the which has been des:§o‘53°king dev1c§ (3]

speech inpu:pera;::ghas intended witb a speech processing stagep of a:h tg;l input

require an elabosri ot iy o dgns (4] hearing prostheses for :h Eall

procedure for th ate  optimisation deaf and profoundly deaf It . e totally

set of o ti e perticular speakers and battery-powered device whi is a small

perating conditions for which the the time domain prggucyzlch oper;tes in

9 & pulsatile

final device is destined. These areas are
most time consuming and they often leave
th? 'designer the formidable task of
welgh%ng up the beneficial effect of ’ hi

altering a parameter to, for example Gomen
reducg gutput frequency doubling error;
22328;t is fgund that this adjustment also This

an  increase i ici
deinition errors. " 0 veleing  onset

Tuns under  "YNIX® on the

work also requires s !
; . standard'
against which the operation of the gecgge-
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is based on the laryngograph [6], and the
algorithm used to detect period epochs is
described in [7]. The laryngograph gains
its input directly from the vocal fplds by
measuring the current passing between two
electrodes placed on either side of the
throat at the level of the larynx. When
the vocal folds vibrate the current flow
between the electrodes changes and this is
clearly shown in the output waveform from
the laryngograph (Lx), and an example is
shown in figure 1b. The main advantages
of using the laryngograph as a standard, a
practice also used in {8], is that it is
unaffected by competing acoustic noise,
and - that the Lx waveform conveys the
periodicity associated with voiced sounds
in a clearly defined manner which can be
simply processed to give a suitable
pulsatile output.

DESCRIPTION OF ANALYSES

The methodology used is composed of two
parts designed to investigate the
one-to-one deviations of the pulse markers
generated by the test and reference
devices -- thus it can be thought of as a
'micro' level comparison. It is
complimentary to a 'macro' level (whole
passage input) methodology which is being
investigated, and the initiation of these
is described in [7). The two stages,
described in detail in [8], are as
follows:

1) the jitter distribution which
is a histogram of the differences in the
times of occurrence of output pulses from
the reference and the corresponding
time-aligned pulses from the device under
test, and )

2) the receiver  operating
characteristic (ROC) which is a plot of
the probability of successful detection of
a vocal fold closure on comparison with
the reference (a HIT) against the number
of pulses generated with no corresponding
pulses in the reference output (FALSE
ALARMS).

The ROC enables a quantitgtive measure to
be gained as device operating parameters
are altered. The peak-picking device,
under test in this case, has a
user-adjustable gain control  which
essentially determines the threshold level
for the generation or non-generation of
an output pulse. When this is altered
there may be a change in the number of
HITS and FALSE ALARMS, and this is shown
by the ROC for the device. Each point on
the ROC is plotted as the percentage of
HITS generated against the number of FALSE
ALARMS. As the gain is altered the points
on the ROC trace out a curve (see figure
3). As the gain is lowered the number of
HITS will increase, but so will the number

Se 59.1.2

of FALSE ALARMS. In general just one
point for a particular device will specify
the position of the ROC curve which
indicates how detectable the signal is to
the algorithm/device. Device operation
can be ranked since those producing
outputs highly similar to the reference
will hsve some point on the ROC more
closely approaching the perfect
performance point (FALSE ALARMS = O,HITS =
100%).

QUANTITATIVE COMPARISON METHODOLOGY

The data for this work was taken from a
passage recorded by a male speaker (JM) in
the anechoic room at UCL. A two channel
digital (pem) recording (Sp and Lx) was
obtained, and the sentence "We can
learn a little something from the birds,
he said"

. was transferred onto a Masscomp 5500

computer at a sampling rate of 12800Hz
using a 12 bit ADC via a suitable
anti-aliasing filter. The Sp and Lx
waveforms are shown in figure la and 1b.

RESULTS

The reference, based on Lx, produces the
period markers, and the reciprocal of
these are plotted to give a fundamental
frequency with time (Fx) trace in figure
lc. The peak-picker slso produces period
markers, which are not shown here due to
lack of clarity on this scale, its outputs
for a series of gain settings being shown
as Fx contours (see figures 1d to lh which
corresponding to gains of 0.03, 0.1, 0.25,
0.5 and 1.0 respectively). In this manner
a visual comparison can be' made between
the operation of the peak-picker with
different gain settings, and the
reference, and it can be seen that the
gain appears optimum around a value of
0.25 .

This value of gain has been wused for the
peak-picker in both the jitter histograms
shown in figure 2. They are plotted for
the peak-picker (test device) against the
laryngograph-based method (reference
device) for (a) anechoic speech (figure
2a), and (b) anechoic speech degraded with
white noise, SNR = 6dB (figure 2b). It can
be seen that there is greater deviation
from the zero jitter point with noise
contaminated speech.

The ROC curves for these two speech input
conditions are shown in figure 3. As the
peak-picker gain is increased, & curve is
traced awesy from the origin. Idesally
optimum gain would result in a point at
(hits = 100%,false alarms = O0). In
practice, however, the optimum will only
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Figure 1

A) speech, B) Lx and C) Fx from Lx, D) to
H) Fx from peak-picker.
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approach this point and will depend on a
trade-of f between number of hits required
against the error rate. It can be seen,
in this case, that point A on the top
curve is a good choice for optimum gain
(point A corresponds to a gain of 0.25)
because a higher gain only results in a
marginal increase in the number of hits
for a considerable increase in the false
alarms. This value also corresponds to
the value determined above for optimum
gain from the Fx contours (see figure lc
to 1h). With the addition of noise device
performance is degraded, and this is shown
by its ROC which is below the other curve
for all gain settings.

From these results, it can be concluded
that the ROC gives a basis for an
automated optimisation and assessment
technique. In the particular case
discussed above optimum gain has been
selected by observation of the ROC and of
the Fx contours. In practice any
parameter could be optimised automatically
using the ROC method for the particular
application for which the fundamental
period device is intended.
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