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ABSTRACT

The present study investigates the perceivability of coartic-
ulated 1ip rounding in French. Nine utterances containingAthe clusters
/kstr/, /rstr/, and /rskr/ followed by one of the vowels /i/, /y/, or
/u/ in all possible combinations, were truncated at 4 different points
before the vowel. Test items in eachgof the 4 groups therefore
contained different amounts of information regarding the nature of the
following vowel, due to coarticulatory influences of the vowel on the
preceding consonants. Subjects were asked to predict the identity of
the missing vawel on hearing.the truncated utterances. = Subjects wers
native speakers of either French or English; some of them had a knowledge
of phonetics.

Results show that when segments up to and including at least
half of the final consonant of the cluster are present, subjects
correctly identify the missing vowel well above chance levels. Several
individuals were able to identify the vowel even when presented with
shorter versions of the utterances. No significant difference in
performance was found between French and English subjects, nor between
subfects with and without phonetic training. Perceivability of
individual features of the missing vowel is discussed.

It is concluded that coarticulatory effects due to lip
rounding (as well as to horizontal tongue position) provide perceivable
information at a level significantly above chance, and that this
information may be used by the perceptual mechanism as én aid in

speech sound identification.
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CHAPTER 1

INTRODUCTION

The production of speech is a complex process, and its complex-
ities necessitate a unique and equally complex perception process.

It would be interesting to know whether the subtleties and variations
in the production process are noted in, perhaps even necessary to,
the speech perception process.

Speech is not merely a sequence of independent sounds produced
by independent gestures. As the motor gestures producing speech over-
lap in time and change with context, so do the acoustic cues in the
speech signa1.» It is on this ever-changing signal that speech perception
is based. The listener must abstract the appropriate cues from the
mass of acoustic information to correctly identify the signal, to under-
stand spoken language. How he recognizes the appropriate cues,
indeed even what these cues may be, is far from completely understood.

In examining speech production, one sees that if an articu-
lator, such as the tongue tip or the velum, is free to move during
production of a particular sound, jt may initiate movement towards its
target posifion for the subsequent phone, or for a pﬁone sevefa] segments
ahead. Also, an articulator may still be moving from its position
for the preceding phone while a current phone is already being produced.
This overlapping of speech gestures in time is referred to as co-
articulation. This characteristic of speech production results in

one phoneme being acoustically differént virtually each time it is



produced. It also means that the units of production overlap to

an extent whereby cues for a phoneme may be found several phones
preceding and several phones following the one in question. Does a
listener make use of these characteristics of speech production in
identifying the speech signal? At least, can he make use of them if
required to, for example, when other cues are masked or missing? Or
are these cues irrelevant to the perception process, mere]y a by-
product of the complex workings of the articulators, without perceptual
correlates?

The present study looks at utterances in which cues for a
certain vowel are known to exist several phones preéeding the vowe1;
Subjects are asked to predict the identity of the upcoming vowel
after hearing only part of the utterance. This study therefore gives
an indication as to how much use a listener makes, or at least can

make, of coarticulated information in the speech signal.



CHAPTER 2

REVIEW OF THE LITERATURE

2.1 Introduction

Studies of coarticulation have been carried out on several
Tevels.  Section 2.2 discusses coarticulation at the acoustic level.
Section 2.3 discusses coarticulation at the'articu1atory level and
outlines several theories that have been proposed to explain the
phenomenon. Section 2.4 reviews studies on the perceptual correlates
of coarticu]afibn. A discussion of the possible units of speech

perception is included in this section.

2.2 Coarticulation: The Acoustic Level

Earliest indications of the phenomenon of coartjculation

came from acoustic studies. It has long been known that the acoustic
value of a vowel is influenced by the vowel's phonetic context. For
example, vowel 'duration, intensity, and fundamental frequency are

known to vary with changes inconsonanta] environment [House and.
Fairbanks, 1953]. | |

| Stevens and House [1963] examined changes in vowel formant
frequency and formant bandwidth with context. Three speakers produced
various /haC]VCZ/ utterances, in which C is a consonant and V is a
vowel. In these utterances C] = CZ’ When the first formant frequency

(F]) was plotted against the second formant frequency (F2) for each
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vowel, it was seen that quite appreciable differences occurred with
changes in consonantal context. In addition, several of the uttered
vowels did not fall within the F] Vs F2 contours established by
Peterson and Barney [1952]. These contours had been determined using
several productions of the utterance /hVd/. Stevens and House showed
that the vowel in such an environment is not unlike the vowel produced
in a null environment (/#V#/). | The major discrepancy between the
F] - F2 values noted by Stevens and House, and those found by Peterson
and Barney, then, was due to the influence of the consonantal environ-
ment imposed by the /h8CVC/ production. Looking at differencesvwithin
their own data, Stevens and House found further evidence for the
relationship between phonetic context and a vowel's acoustic value.
Consonantal context was seen to cause sysfematic shifts in the
vowel's formant frequencies, particularly F2, depending on the place
of articulation, manner of articulation, and the voicing characteristic
of the coﬁsonant involved. For example, in an environment of labial
or post-dental consonants, front vowels showed more of a downward
shift of F2 than they did in a back environﬁent. Fricatives produced
greater shifts in interconsonantal vowel formants than did stops.
Voiced consonants produced a lowering effect on F] of the vowel
while F2 was not as appreciably affected.

These changes in the acoustic value of a vowel are explained
by Stevens and House in articulatory terms. In the production of a
C]VC2 syllable, the structures of the vocal tract assume position

for C],then maneuver towards position for V. During this movement,
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instructions for Cé are initiated. Vowel modifications are therefore
due to overlapping of timing of neural instructions, which may result
in anticipation of the upcoming phoneme, and the sluggishness or
dynamic constraints (i.e. mass and inertia) of the system. Fricatives,
for example, requiring carefully controlled positioning and target
approach, would tend to infringe on the neighbouring vowel's articulation
more than would a quickly executed stop.

ahman [1966] looked at the influence of both preceding and
following phones on a phoneme. Whereas Stevens and House used
symmetrical CVC utterances and were Qnab]e to separate the influence
C] had on the vowel from the influence of C2, Ohman used C]chldisyl—
lables. Utterances were spoken‘by speakers of three different
languages and employed vowels pafticu]ar to each language. Spectro-
graphic analysis yielded measurements of formant frequencies at two
points along the VC and CV transitions. ,ﬁhman found that, not only
did V] affect the f011ow1ng CV2 transition (as might be expected due
to mechanoinertial factors), but as well, V2 influenced the preceding
V]C transition. As noted by previous investigators, it was F2 that
showed the most variation.

Ohman's work yielded results different from fhat of previous
workers, whose studies of CV transitions had led to the formation of
the "locus theory" [Delattre, Liberman, and Cooper, 1955]. This
theory states that for each consonant there exists a characteristic
frequency position (or positions), or locus, from which formant
transitions begin or to which they point. Delattre et al. had found

fixed loci for the second formant of /b/ and /d/, and two loci for
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/g/ (depending on context). 6hman found that the transition loci for
/b/ and /d/ are not fixed, but are dependent on context. For example,
in a /V]bVZ/ utterance, the bV2 transition originates at 500 Hz
if V] is /u/, but at 1300 Hz if v, is /y/. Delattre et al. had
postulated a fixed locus for bV transitions at 720 Hz.

The articulatory basis behind the locus theory is that
formant transitions are reflections of the change in size and shape
of the vocal tract as it moves from one target position to another.
Delattre et al. state:

Since the articulatory place of production of each
consonant is, for the most part, fixed, we might
expect to find that there is correspondingly a fixed
frequency position -- or "locus" -- for its second
formant; we could . . . describe the various second-
formant transitions as movements from this acoustic
locus to the steady state level of the vowel. . . .
[Delattre et al., 1955, p. 769]

What the theory does not take into account is that if pre-
vious and/or succeeding articulations have an appreciab1e effect on
the vocal tract configuration for any given consonant, the locus of
a consonant produced in one environment will not be identical to that
of a consonant produced in another environment.

6hman, like Stevens and House, attributes the effect of
preceding context on an upcoming phoneme (or in this case, its effect
on the upcoming CV transition) to mechanoinertial factors. This type
of coarticulation has since been referred to as carrybver coarticu-

lation. To explain the influence of succeeding context on preceding

events, or anticipatory'coarticulation,, Ohman points out that speech
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gestures are not independent and linearly sequenced. O0ften the vocal
tract can vary a great deal without introducing a phonemic change in
the sound produced. For example, the tangue is free to move during
the production of a bilabial stop; the 11pé are free to move during
the production of a velar stop or liquid. In general, if an articulator
is free to move during production of one phoneme, it will initiate
movement toward its target position for the next upcoming
phoneme.

Since traces of the final vowel are observable already

in the transition from the initial vowel to the consonant,

it must be concluded that a motion toward the final.

vowel starts not much later than, or perhaps even simul-

taneously with, the onset of the stop-consonant gesture.

A VCV utterance of the kind studied here can, accordingly,

not be regarded as a Tinear sequence of three successive

gestures. [Ohman, 1966, p. 165]

Ohman also indicates the possible language-dependent nature

of coarticulation. Russian stops must be coarticulated with one of

only two vowels, whereas American English and Swedish stops enjoy more

freedom of coarticulation.

2.3 Coarticulation: The Articulatory lLevel

With investigations at the acoustic level, the compléxity
of the coarticulation process began to come to 1ight. Two major
approaches to the study of articulatory behaviour, e]ectfomyography
and cineradiography, began to yield evidence of coarticulation for
various articulators, and several models have been advanced to account

for the phengmenon. Such models are necessarily related to basic

questions of speech organization.
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Electromyography (EMG) has been employed to great advantage
in coarticulation studies. Electrodes are introduced into the
articulator in question, and muscle action potentials are recorded
during utterance production. In this way muscle activity during
production of any phone can be measured. A major problem in the
interpretation of EMG studies is that the activity of one muscle is
often closely related to that of others. A given amount of contraction
in one muscle may therefore produce different amounts of movement of
an articulator, depending on the position and activity of other muscles
[MacNeilage and DeClerk, 1969]. Therefore, investigations into the
EMG activity of only one muscle do not necessarily reflect all that
is happening to the articulator in question. However, EMG studies
allow individual muscles to be studied and correlations between
neuromuscuiar activity and linguistic units to be made.
Cineradiography has been used to a great extent as well.
Movements‘of lips, tongue, jaw, velum, and pharynx can be made visible
by various methods of cineradiography, and correlated with acoustic
output. However the resulting picture is a fwo dimensional display
of the vocal tract and so has limitations. It also can only yield
information at the motor level, whereas EMG studies give insight into
neuromuscular commands. Perkell states:
Although a cineradiograph contains a large amount of
one type of information, it is obvious that many other
types of parameters should be examined and correlated
with the cineradiographic data before a comprehensive
description of vocal-tract function can be obtained.
[Perkell, 1969, p. 2]
Kozhevnikov and Chistovich [1965] examined coarticulation of

1ip movements in Russian, measuring electrical activity of the orbicu-
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laris oris muscle énd correlating it with utterance production. One
speaker produced CV and CCV syllables in which V was a rounded vowel.
Results show Tip protrusion to begin almost simultaneously with the
beginning if the first consonant, even if a word or syllable boundary
falls within the -CC sequence. Thus 1ip rounding was found to coarticulate
over an entire CCV unit. The authors postulate an "articulatory
syllable" model of speech production in which commands for the entire
syllable are initiated simultaneously and executed simultaneously as
long as they are noncompeting. Competing commands, such as 1lip
retraction vs 1ip rounding, are gxecuted in sequence. Therefore commands
for an /i/ in one environment, would be different from commands for
an /i/ in another environment. Coarticulation would be maximum within
the articulatory syllable, and m%nimum across such syllable boundaries.
Such a syllable is described by Kozhevnikov and Chistovich as the
CC...V unit, which has been found by themselves and others to be a
strongly cohesive unit and to exhibit strong coarticulation effects
-~ within itself.

Fromkin [1966] used electromyography to study action of the
orbicularis oris musc]é for production of /b/, /p/, and-various rounded
and unrounded vowels in English. Her results, obtained from three
speakers, show that no simple correspondence exists between phoneme
and motor command; different muscle action potentials are responsible
for producing an initial /b/ or /p/ and a final /b/ or /p/. However,
further contextual aspects have no effect on the muscle gesture for

these phonemes, at least as far as this muscle is concerned. Muscle
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action potentials are relatively invariant for production of the /b/
in a /bVC/ syllable, regardless of the values of the following phones.
Similarly, action potentials for final /b/ are unaffected by preceding
phones in a /CVb/ syllable. The same results apply to initial and
final /p/.
Looking at EMG activity of the same muscle during vowel pro-
. duction, Fromkin did note influence of adjacent phonemes. The rouynded-
vowels /u/ and /o/ show appreciably lower peak amplitude of EMG activity
when following initial /b/, which itself involves contraction of
the orbicularis oris muscle, than when following initial /d/. Muscle
activity for a rounded vowe1 is uninf]henced in amplitude or duration
by the following consonant of a CVC syllable, be it /b/ or /d/. Thus
it seems that some aspects of coﬁtext somehow restrict or reorganjze
the neuromuscular commands and gestures for some phonemes, while
other aspects do not. Just what the nature of the reorganization is,
is not known, Fromkin states. Her findings lead her to put forth
two suggestions. Perhaps the minimal linguistic unit at the motor
command level is larger than the phoneme, possibly, in her words, of
the order of a syllable. This theory agrees with the Kozhevnikov-
,Chistovich model of speech organization. However, Froﬁkin does not
give any indication of the size or nature of the syllable proposed.
The second possibility is that motor commands are altered with
context by a feedback system concerning the existing state of muscle
positionand activity, or by information held in short-term memory.
This theory is consistent with the idea that the phoneme is a basic

unit of speech production at the neuromuscular level. Both theories
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proposed by Fromkin are able to account for the coarticulation effects
she observéd.

Ohman [1966] describes the coarticulated VCV utterance as
follows:

We have clear evidence that tﬁe stop-consonant

gestures are actually superimposed.on a context-

dependent vowel substrate that is present during all

of the consonantal gesture. [Ohman, 1966, p. 165]
Production of the consonant in such a syllable involves three separate,
but probably overlapping, sets of muscles in the tongue, each of which
has separate neural represéntation in the motor control networks of
the brain. The response of the tongue to articulatory commands coming
independently over three different channels is a summation of the
components of the instructions. As the tongue is executing commands
for one phone, certain subsets of muscles are Teft free to anticipate
the following phone, instructions for which are also coming down
independently. Therefore, consonant production is accomplished by
articulatory adjustments that partia]]& anticipate the configuration
of the succeeding vowel, though certain components of V2 are inhibited
during C production.

Henke [1966] proposes a system whereby production is pro-
grammed phoneme by phoneme, but there is a scanning of upcoming
feature specifications. If a phoneme has no specification for a
particular feature, such as 1ip rounding, the system looks ahead to
the next phoneme for which that feature is specified, and the

articulators initiate movement toward that goal.

~
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MacNeilage and DeClark [1969] questionned whether changes in
motor gesture with context are due to changes in underlying neuro]ogica]v
control or to mechanical constraints and modifications on an invariant
phoneme command. Examination of cinefluorograms of the vocal tract and
EMG tracings from nine'articulatory locations showed that thh left-to-
right (carryover) effects and right-to-left (anticipatory)effects of adjac-
ent phonemes on each other are present in CVC syllables. They state:
It is quite clear from these results that the command
system responsible for CVC syllables does not consist of
a series of context-independent phoneme ccmmands that
retain their independence all the way down to the level
of muscle contraction.
[MacNeilage and DeClerk, 1969, p. 1228]
They hypothesize three mechanisms at work to account for these effects.
First is an anticipatory mechanism, in which the greater the amount of
muscle contracfion required for a certain phoneme, the greater the amount
of anticipatdry contraction of that muscle in the preceding phoneme.
An inhibitory component against muscle contraction antagoni;tic to
the muscular movement required for the upcoming phoneme might also
be involved in the anticipatory mechanism. | Such a system can explain
right-to-left coarticulatory effects. The second mechanism at
work is a compatibility mechanism. Since more or less contraction
is necessary to assume a particular articulatory position, depending
on the previous position of the articulator, upcoming commands
for contraction might be made compatible with the existing state
of muscle confraction. This would be accomplished via a feedback

system involving the cerebellum. Such a system is able to account

for the strong left-to-right influence imposed by context.
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This mechanism 1is éomewhat similar to one proposed by Fromkin [1966].
The third suggested mechanism at work is a gamma-Toop mechanism. In
this case commands are sent down for a muscle to assume a particular
length, regardless of its existing length, by the gamma system of
motoneurons which innervate stretch-receptive spindles within the
muscles. Thus commands would be invariant, but EMG activity
necessary to achieve the specified length would show the context-
dependent variety seen in several studies. This model seems approp-
riate Tor speech production which involves approximation of target
positions regardless of context.

MacNeilage and DeClerk point out that joint action of the
three mechanisms outlined above on invariant phoneme commands cannot
account for all the coarticu]atibn effects seen. The authors cite
two further mechanisms that do not necessitate ruling out invariaﬁt
phoneme commands as the basis of production. At least they may be
present at certain levels of the speech production system. The first
possibility is that other modifiqation mechanisms, such as the use of
"~ somesthetic information, are at work. The second possibility is
that to a certain, maybe considerable, extent, motor commands are
organized in units larger than the phoneme; perhaps as'suggested by
others, commands are issued for a syllable at a time. However, since
they were unable to observe effects of initial and final consonants
on each other, MacNeilage and DeClerk suggest that the CVC unit does
not qualify as the unit of command organizafion. They feel that the
CV segment, which shows more right-to-left coarticulation effects

than the VC segment, is a more cohesive unit.
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Daniloff and Moll [1968] extended Kozhevnikov and Chistovich's

1965 work on lip protrusion, to the production of strings of one to
four consonants followed by the rounded vowel /u/. The Sequences
were embedded in meaningful English sentences and spoken by three
subjects. Though the utterances contained the phonemes /r/ and /1/,
which themselves may involve 1ip protrusion, the authors noted that
such an amount of protrusion was small. Cineradiography was used to
evaluate articulatory behavior. Findings show that 1ip protrusion
extends over as many as four consecutive consonants before a rounded
vowel, and that the extent of coarticulation is not affected by word
or syllable boundaries Qithin the consonant string. Results are in
general agreement with those of Kozhevnikov and Chistovich. However,
Daniloff and Mol1l observed onset of protrusion before contact for the
first consonant was achieved, whereas Kozhevnikov and Chistovich
noted protrus%on onset at the time of contact for the first consonant.
In a number of cases noted by Daniloff and Moll, protrusion began
even before movement toward the first consonant was initiated, that
is, outside the boundary of the CC...V unit. Cowan [1973] found 4
similar coarti;u]ation effects for 1ip protrusion in French utterances.
Six native French speakers produced utterances containing strings of
four and six consonants before a rounded vowel. She.found that in
almost all cases, protrusion for the upcomihg vowel began with
production of the first consonant of the cluster, and in approximately
half the cases, protrusion began during the production of the vowel

preceding the consonant cluster.
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Coarticulation effects have been observed in the motion of
the lateral pharyngeal wall [Kelsey et al., 1969]. An ultrasonic
method of data collection was used, in which a pulsed ultrasonic signal
was beamed toward the pharyngeal wall and the time of echo return
provided a measure of displacement of the articulator. Three speakérs
uttered VCV utterances. Data show that displacement during production
of /a/ varies as a function of phonetic context.

Amerman et al. [1970] investigated coarticulation effects
jaw and 1lip movements by cineradiography. Four speakers
produced meaningful utterances which included segments of one to four
consonants preceding the vowel /& /. Jaw lowering and 1ip retractibn
are two gestures involved in the production'of this vowel. Jaw 1owerihg
was found to coarticulate over two and sometimes three phones before
/s /, and could presumably extend over all four consecutive consonants,
had not one of the consonants consistently been /s/. Amerman et al.
found /s/‘production antagonistic to jaw lowering; this gesture was
nevef 1n1t1ated during /s/ production, but began immediately after it.
Similarly, lip retraction seemed to be inhibited by /s/ production
and was never initiated during it. However, a good /s/ can be produced
with retracted lips and the authors suggest that perhaps inhibition of
one gesture for /ae/ production facilitates inhibition of another
gesture related to /az/ produétion. In general, 1ip retraction was
not as extensively coarticulated as jaw lowering. Though it sometimes
extended two and three consonants before the vowel, several of the

cases showed retraction beginning with the start of the vowel and not
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before. However the lip retraction measure was not considered by the
authors as reliable a measure as jaw lowering, due for instance to
some 1ip protrusion during /r/ production. The authors feel that in-
consistencies in the synchrony and starting points of the two gestures
are not predicted by the Kozhevnikov-Chistovich model, which states
that commands for the syllable are specified simultaneously and
synchronously. The nature of the coarticulatory unit found in this
study is in agreement with that model's articulatory syllable, i.e.

a CC..V unit.  The data fit Henke's model of production equally well.
o Carney and Mol1-[1971] extended Ohman's 1966 study of co-
articulation in VCV utterances. Whereas Ohman had examined coarticu-
lation of vowels and stop consonants, Carney and Moll looked at
fricative-vowel interactions. MécNei]age'[1963] had previously shown
acoustic properties of the fricative /f/ to be context dependent;
specifically, duration of /f/ in final position was twice as great
as for /f/ embedded in a consonant cluster. However electromyograms
taken at the 1ips during /f/ production did not show pattern changes
with context, except to some extent for onset of activity. Carney
and Moll placed fricatives in a vowel rather than a consonant
environment, and ‘Tooked at effects on the tongue as well as the
lips.  They analyzed cineradiographs of two speakers producing
/hVCV/ utterances, in which C was the fricative /f/, /v/, /s/, or /z/.
Unlike MacNeilage, they found muscle gestures for production of fric-
atives to be influenced by contéxt. Their results agree with Ohman's
[1966] description of a consonantal gesture superimposed on a basic

vowel-to-vowel diphthongal geéture. The findings show that if an
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articulator is free, as the tongue body and tip are during /f/ or /v/
production; then coarticulation is seen in the tongue and in the 1ips
throughout the vowel-to-vowel movement.

Coarticulation effects have been observed in velar movements
by Mol1l and Daniloff [1971]. Four subjects produced English sentences
containing various combinations of nasal consonants, non-nasal conson-
ants, and vowels. Examination of cineradiograms showed that movement
towards velar opening in a CVN or CVVN (where N = nasal) sequence begins
after contact for the initial consonant. Thus nasality is coarticulated
over the VN or VVN unit. Similarly, for NVC sequences, movement
towards velar closure bégins during the approach to the vowel, and
sometimes even during the nasal itself. The unit over which coarticu-
lation extends in this case is the VC unit. These results dire;tly
contradict Kozhevnikov and Chistovich's hypothesis that CV is the
basic unit of production within which coarticulation is strongest.

Moll and Daniloff tend to support a model such as Henke's where
commands are specified phoneme by phoneme.

Thus three major systems have been put forth to account for
coarticulatory behaviour. One is the Kozhevnikov—Chistovich
"articulatory syllable" model, in which neural commands are organized
in syllable-like units. Though this model accounts for much of the
observed data, the articulatory syllable is described as a CC..V
group, whereas studies indicate that coarticulation may extend back
to encompass a VCC..V group [Daniloff and Moll, 1968] or a VC or CVC

group [Mol11l and Daniloff, 1971]. However, MacNeilage [1972] cites
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evidence that, in a CVC syllable, there is weaker coarticulation within
the VC segment than within the CV segment, indicating that CV is a
strongly cohesive unit. The second major model is that of Henke, whereby
a forward scanning system allows a free articulator to begin movement
towards poéition for an upcoming phoneme. Such a system would be
operative during anticipatory coarticulation.MacNeilage-& DeClerk [1969]
point out that such an anticipatory mechanism may be one of several
at work during speech production. Ohman [1966, 1967] describes a third
model of coarticulation, in which a consonantal gesture is superimposed
on a diphthongal vowel-to-vowel movement. The phoneme command for |
consonant production is invariant, but the vocal tréct shape during
its production is a result of an overlap of vocal tract shape assumed
for the consonant and the varying shape due to vowel environment.

Thus contextual modifications take place at the motor level. Carry-
over coarticulation is accounted for in most models by mechano-
inertial %actofs, or by the compatibility mechanism [MacNeilage and

DeClerk, 1969] described earlier.

2.4 Coarticulation: The Perceptual Level

Recent studies have examined the perceptual correlates of
coarticulation. The question asked is, whether the acoustic and
articulatory modifications due to coarticulation in an utterance

provide information utilizable by the listener. Ali et al. state:

It is uncertain in most specific cases if coarticu-
lation on the articulatory level results in perceptible
differences on the perceptual level. . . . If the
answer is affirmative, then it can be said that speech
perception 'follows' speech production and makes use
of its idiosyncracies. [Ali et al., 1971, p. 538]
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A point to keep in mind when studying the perceptual correlates

of coarticd]ation is that the subject is being asked to make subphonemic
discriminations, subtle distinctions'that do not affect the value he
assignsto aphone. To what extent can we realistically expect him to do
S0? It is known that subphonemic detail (one form of which is allophonic
variation) can be distinguished within a single phoneme category, even
though speech perception is itself to some extent a categorical process.
For example, Liberman et al. [1957] showed that listeners can make
subphonemic distinctions when they are presented with synthetic speech
sounds varying along an acoustic continuum.  Stimuli were produced by
a pattern playback, congisted of first and second formant patterns, and
varied in direction and extent of the second-formant transition. This
variable is a cue which has been found to be instrumental in making
/b,d,g/ distinctions. Fourteen different stimuli were produced, and
presented to subjects in an ABX arrangement. In a separate test, sub-
jects were asked to make bhonemic judgments of the same stimuli, that
is, to state whether each was /b/, /d/, or /g/. Comparing the results
of both studies, the authors determinéd that (1) phonemic distinctions
along the continuum are categorical, the point at which a response
changes from oﬁe phoneme to another being abrupt and consisfent,
(2) subphonemic discriminations across phoneme boundaries are able to
be made to some extent, and (3) discriminations across phoneme
boundaries are better and more consistently made than discriminations

within a phoneme category.
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Fry points out that

. . a pair of utterances may appear indistinguish-

ab]y the same to a listener of one nationality and

indisputably different to a listener of another

nationality. . . . [Fry, 1964, p. 60]
This is another point to consider in evaluating perceptual studies of
coarticulation. Fry cites work by Lotz et al. [1960] on phonemic
labelling of the same set of stimuli by different language groups.
Fortis aspirated, fortis unaspirated, and lenis unaspirated stops were
presented to speakers of various languages.  The stimuli were placed
into phonémic'categories as follows: - by English speakers, into
/pst,k/, /b,d,g/, and /b,d,g/ groups respectively; by Hungarian and
Spanish speakers, into /p,t,k/, /p,t,k/ and sometimes /b,d,g/, and
/b,d,g/ groups; by Thai speakers (in whose language aspiration is
phonemic), into /p,t,k/, /ph th kh/, and /b,d,k/ groups. For the
velar case, Thai speakers assigned the lenis unaspirated stop to the
/k/ category, there being no /g/ in Thai, though the possibility of
the /g/ label was available to them.

Thus it seems that perceptions are influenced by language
1earn1ng.A In considering this point in relation to coarticulation
studies, one might ask whether French listeners, for example, make
finer judgments regarding 1lip rQunding,than do English ones. It has
already been seen that coarticulation on the articulatory level may
be language dependent [Ohman, 1966].

Fiﬁdings on phonemic labelling opposite to those described

above emerged in a study of cross-language vowel perception carried
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out by Stevens et al. [1969]. Thirteen unrounded and thirteen
rounded vowels were synthesized on the OVE II speech synthesizer, with
the first three formants varying along an acoustic continuum. Two
ABX discrimination tests were administered, one for the unrounded and
one for the rounded vowels, to a group of Swedish and a group of
American English speakeré. Two phonemic identification tests were
administered for the same stimuli to the same subject groups. The
rounding feature is phonemic in Swedish, but not in English. Results
show that for vowels presented in isolation, the listener's linguistic
experience has essentially no effect on his ability to make subphonemic
discriminations, nor does it appreciably affect his.identification of
phonemic categories. .Little difference was seen in the phoneme
boundaries determined by the Swedes and those determined by the Ameri-
cans. The boundaries assigned by these groups differed by no more
than one step along the acoustic continuum for the unrounded vowel
series, aﬁd one to two steps for the rounded vowels.

These findings in a sense do not contradict the language-
dependence found by Lotz and his colleagues [1960]. Subjects were
presented with different tasks in these two studies. There is no
reason to assume that, given the same series of fortis aspirated,
unaspirated, and lenis unaspirated stimuli, and asked to place each
into one of three categories (a situation similar to the identifi-
cation task presented by Stevens et al.) speakers of all languages

investigated by Lotz et al. would not be able to assign each phone

to its appropriate category. For some of these speakers, some of

the category assignments would be based on a phonemic distinction,
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and some would be based on a subphonemic distinction. English speakers
involved in the experiment by Stevens et al. placed rounded vowels
into phoneme categories not appreciably different from (although some-
wzat less consistent than) those chosen by the Swedes, though for the
English speakers the placements were based on subphonemic discriminations.
What Lotz's experiment does show, is that depending on his linguistic
experience, a listener may chose to ignore some of the distinctions
he is capable of making.

| In addition to their study of vowel discriminations described
above, Stevens et al. [1969] replicated the experiment on consonant
discrimination done by Liberman et al. [1957, also described above] .
Synthetic stop consonants, for which the first three formants varied
a]ohg an acoustic continuum, were presented in an ABX situation.
Stevens and his coworkers found that subphonemic discriminations along
a physical scaie were better made for vowels than for stop consonants.
For examp{e, correct discrimination could be made within a vowel
phoneme category 80-90% of the time (depending on how far along the
acoustic continuum they differed), but within a consonant phoneme
category only 60-65% of the time. The authors cite the suggestion
thaf different mechanisms may be involved in vowel and consonant
perception. In addition, investigators have found that vowels are
not perceived as categorically as consonants [Kozhevnikov and Chistovich,
1965; Liberman gglgl.,]967j, also suggesting that séparate perceptual
processes may be at work for these two classes of phones. However,
Liberman et al. point out that voweTs studied in isolation, or the

"unencoded" state, as in the above studies, may not trigger perception
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in the speech mode, and that evidence exists that vowels embedded in
phonetic context are more nearly categorically perceived than are
unencoded vowels.,

Liberman et al. [1967] discuss subphonemic perception as
being essential to speech perception:
“ That subphonemic features are present both in
production and perception has by now been quite
clearly established . . . we must deal with the
phonemes in terms of their constituent features
because the existence of such features is essential
to the speech code and to the efficient production
and perception of language. . . . high rates of
speech would overtax the temporal resolving power of
the ear if the acoustic signal were merely a cipher
on the phonemic structure of the language.
[Liberman et al., 1967, p. 446]
It should be noted that the "features" discussed above are not the
distinctive features discussed by Jakobson and his colleagues, but
are constituent motor gestures and neural commands of phonemes. These
researchers support the motor theory of speech perception, which
states that speech is perceived in reference to the motor gestures
that can produce it. They showed that acoustic signals may vary
greatly and still produce the same perceptual effect. For example,
the frequency of the starting point of the second formant transition
from /d/ to a following vowel can vary by as much as 1000 Hz, depend-
ing on the vowel, yet a /d/ is perceivéd in all cases. Since a
phoneme's acoustic signal varies not only with context but also from
speaker to speaker, it is necessary to explain how the listener

identifies the phoneme each time. Liberman et al. propose that

the Tistener traces the variable acoustic signal back to the less
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variable articulatdry gestures with which he himself would produce
the signal. He then identifies the signal in reference to these
motor gestures. Since the motor gesture for a particular phone
can be broken down into several elements (e.g. raising the velum,
raising or Towering the tongue, initiating vibration of the vocal
cords), then perception of the phone's constituent features can in
some manner occur.

To what extent the listener may perceive subphonemic, or
allophonic, variations, has been examined by Wickelgren [1969].
He cites the context-sensitive allophone as a unit of perception.
Such a unit is one which specifies its right and left-hand neighbours.

Thus the word "tap" would be coded as éﬁtag/, /t&%O, p#/. The

fe
input to the perceptive mechanisﬁ could thus be an unordered set Qf
symbols, the coding system allowing correct order to be recovered
from such a set. The context to which such allophones are sensitive
is limited to one preceding and one following phone, in Wickelgren's
model. As we have seen, such is not the case in production; where

a phoneme such as a rounded vowel may exhibit an effect on anéther
phoneme as many as six sounds removed from itself [Cowan, 1973].
Perhaps though, an allophone is sensitive to an extent.which is
perceivable only to adjacent phonemes. A major problem with
Wickelgren's hypothesis is the extremely large number of neural units
that must be available and through which all acoustic input must be
channeled, for it is assumed that each context-sensitive allophone
has its own neural representation.

It may be appropriate here to'point out the arguments that
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exist for various other perceptual units. Speech perception may
take place on several levels.  Though subphonemic distinctidns can
be made, the fact that consonants show strong and definite categorical
perception [Liberman et al., 1957], and that the same is true of
vowels to a lesser extent [Stevens et al., 1969], provides evidence
for the phoneme as a basic speech perception Qnit. Savin and Bever
[1970], however, believe that individual phonemes are identified only
after perception on yet another level has been carried out. They
asked subjects to monitor a speech sample for a particular unit,
either a syllable or a phoneme within a sylable. Results showed
that response times for syllable identification were faster than for
identification of a particu]ar phoneme, suggesting the syllable was
first perceived as a unit, before the phoneme itself was identified.

Certain syntactic sequencés may be perceived as units. By
presenting extraneous sounds (clicks) during sentences, Ladefoged and
Broadbent [1960] found that listeners tend to locate the clicks
far removed from their actual location. They argue that subjective
displacement of clicks is towards bouﬁdaries of perceptual units.
Several further studies on click disp]acement, outlined by Lehiste
[1972], have been carried out with inconsistent results. Subjective
location of extraneous sounds is also related to stress, intonation,
and other surface phenomena. However, it is clear that acoustic
cues alone do not determine the boundaries of perceptual units, and

that higher level sequences are somehow perceived as units.
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Lehiste [1972] sums up a discussion on perceptual units by
saying that two basic steps exist in speech perception:.priméry
proceésing, consisting of auditory and phonetic brocessing, and linguis-
tic processing, consisting in part of phonological and syntactic
processing. Though the auditory level must precede other levels of
processing, it is possible that phonetic and linguistic processing
may proceed concurrently. Units at different levels differ in
size.

Thus we see that, though perceptioh is primarily a categorical
process on one level, and'that higher level sequences may act as units
in perception, 1isteners‘are indeed capable of making subphonemic
distinctions. It is this type of discrimination that subjects are
asked to make in the coarticulation studies outlined below. It is
possible that many of the large number of distinctions a listener can
make when hearing a speech sample are ignored, in favor of grouping
several different, but somehow similar, sounds into a single category
for quicker processing. Whether subphonemic perception is of primary
importance in the speech perception pfocess is not clear, since
discrimination.is consistently poorer within a phoneme category than
across its boundaries. However, in times of unfavorable conditions,
for example a noisy environment, or a large amount of information
having to be processed quickly, it may be that subphonemic nuances
are used by the perceptual mechanism to provide additional cues.
Perceptual reality of coarticulatory effects would mean that, on
hearing one sound, the listener not only has acoustic information

on <ts value, but has information to verify the value he has assigned
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to the preceding phone(s), and to tentatively anficipate the value of
the upcomiﬁg phone(s). Such a process would facilitate correct
identification of any one speech sound. Let us now examine the few
studies that have been done on the perception of coarticulatory
effects. |

Mo11l and Daniloff [1971] had shown that velopharyngeal
opening in CVN and CVVN sequences (where N is a nasal consonant) almost
always begins during the CV transition. To test the perceivability
of this coarticulated nasality, ATi et al. [1971] spliced the final
consonant and jts VC transition from English CVC and CVVC utterances,
in which the final consénant was sometimes a nasal and sometimes not.
Twenty-two subjects were presented with the spliced utterances and
asked to identify the missing consonant as nasal or non-nasal. Results
show that nasal stimuli were correctly identified significantly above
chance level. There was no significant difference between correct
perception of /n/ and /m/. Stop consonants were identified as
nasals more frequently than were fricatives. Consonants following
the vowel /a/ were perceived as nasé1lmore often than consonants_
following other vowels. Significant individual subject differences
were found. The authors believe that in the case of nasality, the
perceptual mechanism does make use of coarticulated information.

Lehiste and Shockey [1972] tested the perceivability of
vowels removed from a VCV utterance (where C is a stop consonant).
Ohman [1966] had previously shown that the VC and CV transitions in
such an utterance are influenced by the transconsonantal vowel.

For the perceptual test, VCV utterances were cut in two during the
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consonant closure. Over twenty subjects were asked to identify the
missing 1nftia1 or final vowel. Though Lehiste and Shockey noted
the same coarticulation effects spectrographically for their utterances
as did Ohman, they found that these contextual effects are not
sufficient for identification of the deleted segment. Nor was enough
information present in the spliced utterances to jdentify a feature
of the de1eted phone, such as hjgh/]ow or front/back; incorrect
responses did'not tend to share a feature with the correct response.
The authors conclude that "whatever the effects of coarticulation
~in terms of their influence on formant transisitions, these effects
are not sufficient to have an influence on perception” [Lehiste
and Shockey, 1972, p. 84] Lehiste [1972] cites these results as
evidence against Wickelgren's [1969] model of speech perception,
which involves coding of context-sensitive allophones.

The physical modifications are undoubtedly there,
but if the context of a context-sensitive allophone
is not perceptible, it seems unjustified to assume
that context-sensitive allophones are the basic
units of speech perception. [Lehiste, 1972, p. 5]
Lehiste and Shockey's [1972] findings are contrary to those
of Kuehn [1970], as cited by Carney and Moll [1971], who found that

listeners were able to predict V, of a V;CV, utterance above chance

2
level, when they were given the initial segments of the utterance.
However, Carney and Moll do not discuss the test situation used by
Kuehn, and therefore strict comparisons between the two studies
cannot bé made.

In _comparing the Ali et al., and Lehiste and Shockey studies,

we see that context of the CV- and CVV- units was recoverable, but



29
that context of the VC- or -CV unit was not. It may be noted that in
the first case, the subphonemic cues relating to context must be
elicited from the preceding vowel, and in the second case, from the
preceding or following VC or CV transition. It has already been
seen that subphonemic discriminations are more easily made for vowels
than for consonants [Stevens et al., 1969], and if we for a moment
consider the CV or VC transition as part of the consonant, or af least
as behaving as a consonant in this respect, then we may adduce an
exb]anation for the above findings: coarticulation effects on a
vowel are more easily perceived than those on a consonant. However,
it must be kept in mind that there is indication thét vowels in
phonetic context are not as differently perceived from consonants as
data on isolated vowels suggests [Liberman et al., 1967]. Also,
the motor gestures involved in the coarticulatory effects of the two
cases described above are different -- the first involves lowering of
the ve]um; the second involves tongue movement. It may be that
the effects of these two motor gestures are perceived to different
extents. Human listeners may be inherently more aware of slight
changes in one type of gesture than in another.

Clark and Sharf [1973] looked at coarticulatory effects
of V2 on short term recall of V] in V]CV2 utterances. By‘presenting
lists of VC/V (final vowel deleted), VCV (final vowel retained), and
VC# (no f%na] vowel produced and thus no coarticulation present)
utterances to subjects, they found that the presence of coarticulation
influenced the % correct recall of the initial vowel. They determined

that the coarticulation effects in question are perceived by the
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listener and registered in short term memory. Previous investigators
have suggested that the listener remembers for a certain time the
spectral characteristics of the phone he hears, and on identifying it
as a phoneme, uses the necessary information and discards the rest
[Lehiste, 1972]. - In other words, he retains subphonemic information -
in his memory for some unspecified length of time. Whether the
process as described by Clark and Sharf is naturally operative in_
speech perception is not clear, since, though recall for the VC/V
condition was facilitated over the VC# condition, the VCV condition
did not have the same facilitative effect. The authors attribute
this to a possible perceptual overloading, the subject hearing twice
as many vowels 1in the VCV tﬁan in the VC/V condition. They suggest
that even in the VCV condition, the effects may be registered but
ignored. |

Sharf and Ostreicher [1973] looked at the effects of
coarticulation on identification of nasal consonants in noise. Using
utterances of the form C]VNCZV, where C2 consists of 0, 1, or 2 non-
nasal consonants, they found that identification of N was significantly
better when all the post-nasal sounds were retained than when they
were deleted. That is, when the carryover coarticulation effects
present in the post-nasal sounds were available, subjects scored
better in nasal identification in noise than when these effects
were removed. By asking subjects to identify the final vowel from
the same truncated utterances, the authors noted a better than chance
level of correct identification if no consonant had originally

intervened between N and V, and a consistent but insignificant trend
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for ihe number of correct vowel identifications to decrease as the
number Qf intervening consonants increased from 0 to 2. This seems
to indicate that anticipatory coarticulation effects of the vowel on
the nasal aid in identification of the deleted vowel, but that as
nasal and vowel move farther apart, the weakened coarticulatory effect’
becomes imperceptible. Thus they conclude that anticipatory coarticulation
produces a strong enough cue in the nasal to facilitate identification.
of the upcoming vowel, and that cues present in the vowel due to
carryover coarticulation with the preceding nasal aid in the correct
perception of the nasal. |

It remains to be seen which coarticulatory influences are

perceivable and which are not, and over how long a sequence of‘phones

coarticulatory information is usable.
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CHAPTER 3

AIMS OF THE EXPERIMENT

Some major questions in the study of speech perception
are: MWhat features and cues does the listener abstract from the speech
signal in attempting to identify it? Is all the acoustic information
present in the signal utilizable for the perception process? Are
a]]vthe fine, as well as gross, motor adjustments involved in the
production of the speech signal recognized and interpreted by the
listener? Research has shown that neither the acoustic value of a
phoneme, nor the motor gesture that produced it, is dinvariant across
different contexts. How much of this variation is perceivable, and
to what extent does it actually provide cues for perception?

Studies on the perceptual correlates of coarticulation have
begun to indicate that the listener may use some of the eVer-present
contextual variation as an aid in identifying speech sounds. The
present experiment attempts to provide further information in this
area. It asks whether coarticulation provides perceivable information,
that is, whether it contains cues qsab]e in the speech perception
process. Utterances containing the sequence —C]C2C3C4V- (whére Ci is
a consonant and V a rounded or unrbunded vowel), in which coarticulated
1ip rounding is known to occur when V is a rounded vowel, are truncated

at four points before the vowel. Edited versions thus contain

different amounts of coarticulated information. By presenting these
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stimuli to phonetically trained and phonetically naive native French
and native English speakers, the present experiment attempts to do

the following:

1. To discover whether coarticulation of 1ip rounding in
French produces perceivable information, by asking
subjects to identify a missing vowel for which coarti-

culation is present.

2. To discover over how many segments such information is
perceivable. Coarticulation on the articulatory level
is known to extend over all four consonants in the type

of utterance described above.

3. To investigate the 1anguage—dependent nature of the
percéption of coarticulated information, by comparing
results from French and English speakers; and to reveal
whether perception of these cues plays a normal part
in the speech perception process, of whether they may
nevertheless be abstracted from speech by a suitably
trained listener, by comparing results from phonetic-

ally trained and phonetically naive subjects.
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CHAPTER 4

MATERIALS AND METHODS

4.1 Pilot Study .

Preparation of Test Tapes

Two pilot test tapés were constructed. The items of the
first test contained the consonant cluster /kstr/ followed by each of
the three vowels /i/, /y/; and /u/. The sequences were derived from
the three French utterances "la dextre inimitab]é,“ "la dextre .
unijverselle," and "1a dextre outragée.“ These utterances were
recorded during the course of a previous experiment [Cowan, 1973] in-
a non-soundproof environment. A wide-band hum due to the operation
of a graphic recbrder during their recording produced distracting
background noise on the originé] tapes. However, it was decfded to
use these recordings because the speech wave, the duplex oscillogram,
the log intensity of the speech.signa1, and a graphic representation
of the speaker's upper 1ip protrusion were ail available, displayed
on separate chanﬁe]s of a Siemens 0Oscillomink graphic recorder. The
speaker was a male native speaker of French, from Lausanne,
Switzerland.

The utterances were edited at three points each, on a
PDP-12 digital computer, using a set of cbmputer programs‘written

by L. Rice at the UCLA Phonetics Léboratory. (The editing process
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will be described in Section 4.2). Three edited versions were

made:

/ladekstr/
/ladekst/
/ladeks/

The tesf items were recorded onto a Revox A77 tape recorder. (This
procedure is also described in Section 4.2). The pilot test tape
consisted of three samples of each of the three utterances truncated
at each of three points, for a total of 27 items. The test was con-
structed so that the ]oﬁgest of the edited versions made up the first
third of the test, the next longest the second third, ahd the shortest
the last third, i.e.:

Group 1: 9 items of /ladekstr/
Group 2: 9 items of /ladekst/

Group 3: 9 items of /ladeks/

However, the order of presentation with respect to the missing vowel
was random within each group, with each vowel being represented 1/3
of the time. .

The second pilot test tape was made in response to some
subjects' comments that the first tape was noisy and distracting, and
that they had felt unsure of the task required of them until at least
one or two utterances had been played. It was constructed similarly,
except that the utterances were recorded under soundproof conditions,

using an Altec 681A LO microphone and a Scully 280 tape recorder. The
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~same speaker recorded the same utterances as used in the first test.
These speech samples were edited with the same set of computér programs
and at the same three points as described above.A It was proposed that
the results of the first and second tests be compared to determine
whether background noise on Cowan's tapes produced a sufficiently lower
score to warrant the use of new tapes recorded under soundproof
conditions for the main experiment. In response to the comment that
subjects were not sure of the task until at least two items had been
played, the second test contained 29 1tems,'the first two being practice

items whose results were not considered in the analysis.

Subjects

Subjects were six adults (3 male, 3 female), all of whom
had some knowledge of phonetics. Only one subject, who was also
the speaker on the tapes, was a native speaker of French. One subject
was a native speaker of German, a language which makes usé of the
three vowels under study. The same 6 subjects took part in both

Tests I and II.

Test Procedure

Subjects were seated, one at a time, alone in a quiet room.
The test items were presented over headphones at a comfortable
listening 1ev¢1. Subjects were asked to indicate in writing whether
the missing vowel was /i/, /y/, or /u/. They were first told what

the original-utterances had been.
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Test I was given in one session and Test II in another. At
the time that Test II was administered, Test I was readministered to
see if familiarity with the test situation affected test results.
The tests are hereafter referred to as Test Ia (first session), Test

Ib (second session), and Test II (second session).

Results

Values for relative transmission (Trel) of information (a
measure to be discussed in Section 4.2) and % correct score were
calculated. Scores were generally higher for Test II than for Test
Ia or Ib. Since no significant differences were noted between Tests
Ia, given in the first session, and Ib, given in the second session,
it was assumed that no practice effect was contributing to the
increase in Tre] and score from Test I to Test II. This suggests
that improvement from Test I to Test II was probably due to the
better listening conditions on the second tape.

A distribution of Tre] based on random responses to a 27-item
test was calculated. This distribution is shown in Figure 2 and
described in detail in Section 4.2. From the distribution, the
maximum value of Tre] which a subject could obtain by chance 10% of
the time was determined. Tre] values above this level were considered
significant values of information transmission and the following was
observed: all subjects obtained significant Trei values for
Group 1 items; 2 out of 6 obtained significant values for Group 2;

no subject obtained a significant score for Group 3. Responses were
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also analyzed to see if they tended to have a feature in common with
the stimulus. The ability to perceive front/back distinctions and
unrounded/rounded distinctions was examined. For all groups of
jtems, the front/back distinction was made more ofﬁen than the unrounded/
rounded distinction. Both distinctions were made more often for Group
1 than for Group 2, and for Group 3, which contained the shortest edited
versions, subjects were giving responses no different from random

guessing.

4.2 Main Study

Speech Samples

Because scores were generally higher on Pilot Test II than
on Test I (a or b), it was decided to use utterances recorded under
soundproof conditions for the main study.

Tﬁree male native speakers of Frehch recorded the utterances.
Speaker #1 was born in Lausanne, Switzerland, and had been in North
America for 14 years. Speaker #2 was born {nvGrenoble, France, and
had been in North America for 4 years. Speaker #3 was born in Albi,
France, and had been in North America for 9 years.

Fifteen utterances were recorded by each speaker, at least
twice each. Fach utterance contained one of the consonant sequences
/kstr/, /rstr/, /rskr/, followed by one of the three vowels /i/, /y/,
or /u/ in all possible combinations. Cowan [1973] had shown that,
for the utterances decribed above, upper lip protrusion most often
begins with the approach to the first consonant in the cluster, if

the cluster is followed by the rounded vowel /y/ or /u/. Cowan's
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findings also applied to utterances with 6-consonant clusters. Such
utterances were considered for use in the experiment, but since the
pilot test had shown no significant information to be available when

the utterance was truncated after the second consonant of a 4-consonant
cluster, utterances with 6-consonant clusters were not used. _
Recordings for the present experiment were made in an IACV1204
soundproof room using an Altec 681 A LO microphone and a Scully 280
tape recorder.
One set of 9 utterances, consisting of examples of each of
the three clusters followed by each of the three vowels, was chosen from
each speaker. Utterances were chosen on the subjective bases of clarity
of the speaker's voice, absence of background noise, similarity of inton-
ation patterns of utterances containing the same cluster, and presence of
all phonemes in the cluster. These 9 utterances are listed in Appendix I.
The remaining 6 utterances from each speaker contained additional samples
of clusters which were present in the other utterances, and these samples
were not used. Spectrograms, on a Kay Sona-Graph Model 7029A, and mingo-

grams, on a Siemens Oscillomink graphic recorder, were made of all

utterances, for reference in the editing process.

Editing of Speech Samples and Preparation of Test Tapes

Editing of utterances was carried out using a set of computer
progfams written by Lloyd Rice for a PDP-12 digital computer. This
set of programs digitizes the speech signal and disbiays it on the
computer oscilloscope screen, and allows the speech waveform data to
be manipulated in various ways. The speech signal was first low
pass filtered at 6 kHz to prevent aliasing of the input signal. It was

intended to digitize the speech wave at 12 kHz; however, Timitations
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of the equipment meant that the computer could not keep up with such
a fast transfer rate for the length of time it took to sample the
utterance. The computer was therefore skipping some samples, once the
core buffer had been filled, and notable distortion resulted. To
overcome this problem, each utterance was played at half speed and
digitized with a 10 bit analog-to-digital converter at 6 kHz sample
frequency, fdr an equiva]ent of 12,000 samples per second. The
digitized speech wave thus produced was stored on digital tape and
could be displayed on the computer screen. A knob controlled the
velocity of the speech waveform data as it moved backward or forward
across the screen. The waveform could also be made-stationary on |
Vthe screen. In this way, the spéech wave could be visually examined
as the operator séw fit. The speech ane was then edited as follows:
the speech wave of the whole Qtterance was displayed on the screen,
and the operator marked fhe desired initial point of the truncated
utterance By a command on the teletype. In all cases, this point
was marked just before the onset of phonation'at the beginning of the
utterance. The waveform was then moved slowly across the screen until
the desired endpoint was visible. This point was also entéred by
a teletype command. The entire edited segment was then stored else-
where on the digital tape. In this way, an edited utterance could
be obtained, leaving the original utterance intact and available
for making further editions. Each utterance was truncated at four
different points, producing the four groups of stimuli shown in
Table I.  Since results of the pilot study showed that no significant

information is available when truncation takes place after the second



TABLE I

Groups of Edited Stimuli with Consonant Clusters /kstr/, /rstr/, and
/rskr/. Each sample as Described Above has 3 Versions, One of
Which Originally had the Following Vowel /i/, One /y/, and
One /u/. Original Utterances From Which the Edited
Stimuli Were Derived Are Listed in Appendix I

GROUP 1
Truncation immediately ' /ladekstr/
after the final /laverstr/
consonant of the cluster - /lamarskr/
GROUP 11
Truncation in the : /ladeksty/
middle of the final , /laversty/
consonant | /lamarsky/
GROUP 111
Truncation immediately © /ladeksty
after aspifation of _ /1av$rsth/
the third consonant /lamorskh/
GROUP IV
Truncation immediately ‘ /ladekst/
after release of . /laverst/
the third consonant, /lamarsk/

before aspiration
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consonant of the c]ﬁster, the shortest group of stimuli for the main
experiment were truncated after release of the third consonant (either
a /t/ or a /k/) of the cluster. With three speakers, 9 utterances
per speaker, and 4 truncation points per utterance, a total of 108
test items was available.

Truncation points were identified primarily by visual examin-
ation of the speech wave on the computer oscilloscope screen. Spectro--
grams and mingograms were examined for additional cues when necessary.
Figure 1 shows a minogram of one of the utterances, and the four points
of truncation. Identification of truncation points proved difficult
for only one case: the identificatidn of the end of aspiration .of the
third consonant. As displayed on the computer séreen and the m%ngograph,
aspiration was not easily separatéd from the following final consonant,
/r/. Spectrograms were heavily relied upon for this information.

Each edited utterance was checked by two Tlisteners for auditory
confirmation of the point of truncation.

Truncated utterances were played back from the computer
through a digital-to-analog converter, low pass filtered at 6 kHz to
remove high frequency digital noise generated by the computer, and
recorded onto both channels of a two-channel Scully 280‘tape recorder.
The computer program also controlled the operation of the tape
recorder; it was set so that 3.25 seconds of silence was recorded
before and after each utterance, for a total of 6.5 seconds of silence
between each item.

The order of taping items was randomized with respect to

speaker, cluster, and vowel. Three practice items, picked at random



Figure 1.

Mingogram of one of the test utterances, "la dextre universelle", showing

the 4 points of truncation:

1. after the final consonant of the cluster (/r/)_

2. 1in the middle of the final consonant

3. after aspiration of the third consonant of the cluster (/th/)
n

. after release of the third consonant, before aspiration

. Speech Wave

Duplex Oscillogram

Log Intensity of
Speech Signal

Ev
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from among the 108 test items, were recorded at the beginning of the
tape. Two buffer items, also chosen at random from among the test
items, were also recorded, one before the test items and one after the
test items. Thus the tape contained three practice items, followed
by utterances #1 to 110, of which #2 to 109 were the test items, and
#1 and #]10 were buffer items whose results were not considered in
the analysis.

Two tapes were made from the original tape, using two Révox
A77 tape recorders. Tape A contained items in the original random
order. Tape B contained the same practice items, buf the two halves
of the test (i.e. #1 to 55, and #56 to 110) were interchanged. Thus
two test tapes were available. The test was recorded on both tracks
I and II of each tape.

Numbers were recorded before each test item. A non-native
speéker of French recorded French humbers on channel I of each test.

tape, and an English speaker recorded English numbers on channel II.

Subjects

A group of 10 native French speaking adults and a groqp'of
10 native English speaking adults participated in the experiment.
| Four females and six males made up the Frenéh speaking group.
They had been in North America from 3 to 14 years. Seven subjects had
been born in France, two in Switzerland, and one in Ha%iti. One of the |
French-born subjects had lived in several places in Europe as a child,
but had always spoken French in the home. One of the Swiss subjects

had grown up §peaking both French and German, though French was her
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mother language. The Haitian subject had grown up speaking both French
and Spanish; A1l subjects-had at Teast a working knowledge of English.
Four subjects within the French speaking group had no knowledge of
phonetics, while three had had formal phonetic training and three were
teachers of the French language with some informal phonetic background.
Three of{the subjects had served as the speakers on the test.

Six females and four males made up the English speaking group.
A1l subjects had had approximately 4 years of high school French in
Canada, while two had had additional French courses in university, also
in Canada, and had each spent several months in France. None of the
subjects considered himsé]f fluent in French. Six subjects had no
knowledge of phonetics while the other four had some degree of phonetic
training.

A11l20 subjecfs passed a pure toﬁe hearing screening test at:

15 dB HL for the frequencies 500, 1000, 2000, 4000, and 6000 Hz.

Test Procedure

The subjects were seated, one at a time, in a soundproof room
with the experimenter. The test tape was played on a Scully 280 tape
recorder and presented over TDH-39 Maico headphones at a level of
60-70 dB SPL as measured on a Briiel and Kjaer 2203 précision sound level
meter with a Briiel and Kjaer 6 cm3 4152 artificial ear. The
experimenter monitored the test over headphones and controlled movement
of the tape in the soundproof room by a remote control unit.

Subjects were instructed in writing to 1isten.to each

utterance and to mark the missing vowel on an answer sheet. The
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missing vowels were described as "i" as in "dites," "u" as in "une,"
and "ou" as in "bout." (See Appendix II for complete instructions)
The vowels were phonetically transcribed as /i/, /y/, and /u/ for
those who had.a knowledge of phonetics. English subjects were first
asked whether they were familiar with the vowels as represented in French
orthography. The experimenter then pronounced each vowel in isolation
for the English subjects.

Included in the instructions were the'nine whole utterances
from which the edited versions had been taken. Inclusion of this 1ist
was meant to show subjects that each truncated utterance could in fact
be followed by each of the three vowels. Subjects Qere told that the
vowels were represented in approximately equal proportion on the test
(that is, that each vowel appeared approximately 1/3 of the fime).
Guessing was strongly encouraged. Subjects were asked to mark an
indication of the confidence they had in their answers by marking their
response w{th a 1 (for most confident), 2 or 3, only if they felt
they had time to make this judgment.

The tape track containing French numbers was played for all
but three subjects. It was one of these subjects, a French speaker
who was one of the speakers on the test, who suggested that numbering
be done in French instead of the original English. Subsequently a]]b
French subjects heard French numbers. Each English subject was asked
whether he preferred to hear the numbers in French or'Eng]ish, and

each chose French.
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The tape was stopped after the three practice items and sub-

jects were given the opportunity to hear these items again.

Measures of Perceivability

The two measures described below, relative transmission (Tre1)

and correct score (S), were used in analyzing the results of both the
pilot and the main experiment.

| The relative transmiésion is a measure of covariance between
‘input (the stimulus), and output (the subject's response)[Miller and
Nicely, 1955]. This measufe was used to describe the amount of

i
transmissible information available in the truncated utterances, and

is given by
P;P;
Tre1(X5¥) = -T_ijijhgz —‘lpij - f p;109,p,

where the input variable is x, with any one input X; having the pfobabi]—
ity Pi» and the output variab1e_1s'y, with any one output yj having the
probability pj. The symbol pij represents the probability that a
particular input xi‘wi11 e]icit the particular response‘yj. The more
consistently a response can be predicted from the stimulus, that is,
the bettef the transmission of information, then the closer Tre] is
to a value of 1. If the transmission of information is poor, then
stimulus and response are unre]afed, and Tre] has a value near 0.

Values of relative transmission for a series of computer-
generated random responses were calculated. Figure 2 shows the

distribution of .Tre]’ based on random responses (with equal probabil-
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ities of 0.333 each) to 1000 27-item tests. In this graph, the bins
for Tre] values from 0 to 50% represent intervals of 1%, the nth bin

representing the number of cases where T has a value between 0.01«n

rel
and 0.01x(n+1). Each asterisk represents 2 cases. A bin with less
than 2 cases shows one asterisk.
The correct score, either in % or absolute value, was also
calculated for each subject. Figure 3 shows the distribution of
correct scores, based on computer-generated random responses (with
equal probabilities of 0.333 each) to 1000 27—item tests. Each asterisk
represents 2 cases, a bin with Tess than 2 cases showing one asterisk.
The above dist}ibutions are based on tests of 27 items for

comparison with each group of edited utterances, as there were 27 items

of Group I utterances, 27 items of Group II utterances, and so on.
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CHAPTER 5

RESULTS

5.1 Correlation Between Relative Transmission (Trel) and Score (S)

Because the relative transmission is a measure of information
transmission, and not necessarily correct information transmission,

a high T value does not always reflect a high score. For example,

rel
if a subject consistently responds with the vowel /i/ when the stimulus
is /y/, he is receiving predictable information from.the stimulus;
Although he misinterprets this information consistently, he obtains a
high value of Tre] (assuming other responses are also highly predictable
from their stimuli). If a subject responds in a random manner, using

no information from the stimulus, S will be at chance level, for example
in the tesﬁ described here, distributed around 9 (out of a maximum of
27), as shown in Figure 3; Tre] will be relatively low, distributed

as shown in Figure 2. The better a subject performs on the test, the
better one would expect Tre] and S to correlate. o

To determine whether this was so for performances on the

present test, Pearson correlation coefficients were calculated between

Tre] and S for each of the 4 groups of items and also for a series of

random responses. Correlations were as follows:
Group I: R=0.91
Group 1II: R =20.73
Group III: R =10.76
Group IV: R =10.50
Random | R =-0.08

Responses”
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From the above, one sees that the longer the portion of the
cluster in the test item, the better the correlation between the two
measures used here to describe performance. It will also be seen in
Section 5.2 that the longer the test item, the better the subjects'
performance. Therefore, as expected, the highest correlations between

T and S occur for the items for which the subject does best. In

rel
examining performance for Group IV items, one measure is not a good

indicator of the other measure.

5.2 Identification of the Missing Vowel

Responses were tabulated in 3 x 3 confusion matrices, one
matrix per group of items and per subject.. There were therefore 4
matrices per subject, each with 27 items.

Tre] and S were calculated for each matrix. Figure 4 shows
mean Tre] and S values for each_of the four groups of items, displayed
separatg]y for French and English speakers. Tre] and S values cne
standard deviation about the mean'are also shown. Levels that one
subject would obtain by chance 1%, 5%, and 10% of the time (obtained
from Figures 2 and .3, Chapter 4) are also shown in Figure 4. As can
be seen in that figure, all subjects showed a downward trend in both
Trel and S, from Group I to Group IV. That is, the farther from the
vowel the utterance was truncated, the less able subjects were to
correctly identify the vowel. An anaiysis of variance showed a

significant treatment effect among the groups of items for both Tre]

and S for both French and English subjects. This effect is significant
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at the levels indicated in the table below.

French - English
Treatment Tre] p < 0.001 p < 0.05
Effects On:| S p < 0.001 p < 0.005

" The Newman-Keuls test, which indicates between which groups of
items significant differences exist [Winer, 1971, pp.‘191—196]‘was also
applied to the data. Significant differences were found between several
pairs of groups of items, for both French and English speakers, as
shown in Table II.

Results show a great deal of individual variation. Figure 5
shows T ., and S values for each group of utterances, for 3 different
subjects. Levels that one subject would obtain by chance 1%, 5%, and
10% of the time are indicated. Subject AS scored consistently higher
than any other subject. She was a native Frénch speaker who was a
teacher of French, but had had no formal phonetic training. Subject CM
was a female native English speaker who had had some phonetic training.
Subject CB was a male native speaker of French and one of the speakers
on the test; he had also had some phonetic training; Because of her
high performance relative to other subjects, subject AS was retested.

On the second.run of the test she maintained her high']eve1s, séoring
s1ightly higher than she had on the first run. |

Results as shown in Figures 4 and 5 indicate that, for
several of the item groups, subjects were able to identify the missing

vowel above chance levels. For example, on the average, English
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Differences in Tre] and in S Between Each Group of Items,

for French and English Subjects

FRENCH SPEAKERS

Trel(%) Score
Group I I1 111 Group I I1 IT1
II 35.18 II 10
III 132.03**%] 96,85%* I11 4o** 36**
IV 172.97**%}137.79**140.92 IV K8** 48** 12
ENGLISH SPEAKERS
Trel(%) Score |
Group I 11 I11 Group I II 111
II 60.99 II 19
III 121.33* 60.34 III 41 ** 22
IV 123.27* 62.28 1.94 IV 40** 21* 1

*
* 0.01 level of significance.

* 0.05 level of significance.
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subjects obtained Tre] and/or S values higher than those one subject
would obtain by chance 5% of the time, for items of Group I, and
French subjects, on the average, obtained similarly high levels for
items of Group I and ITI. Several individuals of both languages performed
well above the 5% chance Tlevels for Groups I and II, and 5 individuals
did so for Group III. In general though, Group III and IV performances
were at the level which one subject would obtain by chance 80% of the
time. It is interesting to note that individual variations were so
great that some subjects were able to identify the vowel for Group III
and IV items better than others were able to identify vowels for
Groups I and II. |

In general, French subjects tended to distribute their
responses evenly, responding approximately 1/3 of the time with each
vowel. This tendency was somewhat weaker for the English subjects,
who .for Groups III and IV tended to make more /u/ and /i/ responses
respectivefy.

Correct answers were not evenly distributed for either language
group, for any group of items. For all group§ except Group IV, correct
/y/ responses were less frequent than correct /i/ or /u/ responses.
French subjects did not show a different pattern of correct responses
from English subjects. The percent of correct responses for all items
of a particular stimulus, pooled for all subjects, is shown in

Table III.
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TABLE III

Percent of Items Answered Correctly in Each Vowel Category for Each
Group of Items, A1l Subjects Pooled Together

GROUP STIMULUS
‘ /i/ /y/ /u/
I 64.4% 40.5% 63.9%
II 51.7 40.0 61.1
IT1 41.2 38.3 41.5
v 45.0 35.6 33.4

Examination of the confusion matrices showed certain confusions
to be more common than others. Confusions between /i/ and /y/, and /y/
and /u/, were more common than the /i/-/u/ confusion. This is not
surprising when one considers that while /i/ and /y/ share the front
feature, and /y/ and /u/ share the rounding feature, /i/ and /u/ share
neither of these. Confusions between all pairs of vowels increased as
the items got shorter, the only exception to this downward trend being
for the /y/-/u/ confusion, which'was made less often in Group IV than
in Group III. Tap]e IV shows the percent of time each confusion was
made.  For exampie, in Group I the /i/-/y/ confusion was made on 27.5%
of the items for which either /i/ or /y/ was the stimulus.

Several subjects reported that they were most often undecided
as to whether the missing vowel was /i/ or /y/, or /y/ or /u/, and
several reported that they were never confused between /i/ and /u/.
Performances seem consistent with the first Qbservation,_but not

strictly so with the second.
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TABLE 1V

Percent of Items in Each Group for Which Various Vowel Confusibns
Were Made, A1l Subjects Pooled Together

GROUP VOWEL CONFUSIONS

/il-1y/ /yl-1u/ /i/-/u/

1 27.5% 27.89% 10.3%
I 27.5 27.2 16.1
IT1 30.8 37.2 . 21.7
Iv 40.6 28.1 24.2

Further findings on feature relationships between stimulus

and response are discussed in Section 5.3 below.

5.3 Identification of Individual Features of.the Missing Vowel

To examine the perceivability of a particular feature, responses
were grouped in the following ways: /i/ and /y/ vs /u/ (front-vs-back),
and /i/ vs /y/ and /u/ (unrounded-vs-rounded). That is, if the
stimulus was a front vowel, and the response either the same or the
other front vowel, the response was considered correct in the front/
back analysis. A similar procedure was employed for the unrounded/
rounded analysis. When a 27-item 3 x 3 confusion matrix, for which
each row has a total of.Q entries,‘is collapsed in the manner described
above, a 2 x 2 matrix results in which one row has 9 entries, and the
other row 18 entries. In such a matrix, the feature for which the data

are grouped forms 2/3 of the total data. Therefore an error among the
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grouped data affects the score more than does an error among the un-
grouped data. To overcome this imbalance, values in the row containing
18 entries were halved before Tre] and S were calculated.

Figure 6 shows mean values of Tre] and S for perception of
the front/back distinction and for the unrounded/rounded distinction.
Values shown are mean values for all 20 subjects. Only responses
for Groups I to III are shown, as Group III responses are already gt
chance levels.

An analysis of variance showed that, for items of Group I,
subjects did not make front/back distinctions significantly better
than they made rounded/unrounded distinctions. This was the case when
either Tre] or S was taken aé an indication of performance. Because
differences were greatest for Groﬁp I but yet were not significant,
analysis of variance between feature distinctions in the other groupsv
was not carried out.

Much "individual variation was seen, both in ability to make
a feature distinction, and in which distinction, either front/back
or unrounded/rounded, was more eaéily made. The table below shows
the wide range of Tre] values for feature distinctions for 4 French
subjects. It also shows that some subjects made the front/back
distinction more often, some made the unrounded/rounded distinction
more often, and some made both distinctions equally. Similar individual

differences were observed for English subjects.
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T
rel
Tre1 for Unrounded/
Front/Back Rounded
Subject Distinction Distinction
DN 0.30% 2.19%
EA 8.17 25.33
o: S 10.52 11.24
PC 65.49 29.07

5.4 Differences Between Subject Groups

Tables V and VI compare mean Tré] values and standard devia-
tions for‘the 10 French and 10 English subjects, and for the 7
phonetically trained and 13 phonetica]]y naive subjects, respectively.
Treatment-by-levels analyses of variance showed no significant differ-
ences between French and English subjects, for either Tre]'or for S,
and no significant differences between .phonetically trained and

phonetically naive subjects, for Tre] or for S.

5.5 §Eeaker Differences

Responses were examined to see if subjects performed better
on items spoken by one of the three speakers than by the others. No
significant differences were found between results for items by each
speaker. However, again some individual variations were observed.

Several subjects stated that items spoken by one or another of the
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TABLE V

Mean Tpe7 Values (X) and Sample Standard Deviations (s) for Each Group
of Items, Shown for French and English Subjects. Differences
Between the Two Language Groups are not Significant.
N = Number of Subjects in Each Group

SUBJECT N » GROUP
I I1 111 |- IV
French 10 X 25.4 21.9 12.2 8.1
s 17.3 14.9 10.8 7.1
English 10 % 22.7 16.6 10.5 10.3
s 14.8 1.2 11.7 7.2
TABLE VI

Mean Tr Values (x) and Sample Standard Deviations (s) For Each Group
?lems, Shown for Phonetically Trained and Phonetically
Naive Subjects. Differences Between the Two
Groups With Different Phonetic Back-
grounds are not Significant. N =
Number of Subjects in Each Group

SUBJECT ‘N GROUP

I I1 II1 IV

Phonetically - ' :
Trained 7 X 26.2 22.4 13.2 11.1
s 6.2 7.4 7.5 4.9

Phonetically .

Naive 13 X 22.8 17.5 10.4 8.2
s 14.3 10.6 7.9 4.9
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speakers were easiesf to answer. Such remarks were usually consistent
with the subjects' better performance for that particular speaker,
but there was no consistent trend as to who the "best" speaker was.

A1l of the three speakers served as subjects in the test.
They did not berform consistently differently from the other subjects.
Nor did they perform best on the items for which they themselves were
speaking. In fact, two of the speakers performed somewhat worse on
items for which they were the speakers, than for items uttered by

another speaker.
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CHAPTER 6

DISCUSSION

6.1 Identification of the Missing Vowel

French utterances containing the sequence -C]C2C3C4V~ were
truncated at four points before the vowel, as shown in Table I
(Chapter 4). Cowan [1973] has shown that for production of these utter-
ances by native French speakers, upper 1ip profrusion most often begins
with the first consonant'of the cluster or earlier, when the vowel
following the cluster is a rounded one. Items of each of the four
groups prepared for the present experiment therefore contained different
amounts of information as to the nature of the following vowel.

Subjects were able to predict the upcoming vowel above chance
levels for items in Groups I and II. These items had been.truncated
after C4, and in the middle of C4 respectively. In all cases, C4 was
the phoneme /r/. In general, subjecté were unable to predict the_
upcoming vowel for items in Groups III and IV. These items had béen
truncated after aspiration of C3 (C3 being /k/ or /t/),and after
release of C3.but before aspiration, respectively.

One sees from these results, represented graphically in
Figures 4 and 5 (Chapter 5), that the segments up to and including
C4 contain information about the following vowel that is utilizable
in the perception process. This information is not restricted to

the C4V juncture, since the vowel can be correctly predicted when

segments up to only the middle of C4 are heard. Though on the articu-
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latory level the influence of the vowel is apparent as far back as the

first consonant of the cluster or earlier, the information present in

C3 of the cluster and before is not by itself utilizable by the

listener as an aid in identifying the upcoming vowel. It is not apparent
whether the perceivable information is restricted to C4 or whether it

is the cumulative fnformation present in the whole cluster up to

énd including at least half of C4 which is used in perception. However,
because coarticulation due to the vowel may begin by the first consonanf
of thé'c1uster, it seems likely that several segments, and not just C4,
contain information which, when it is all available to the Tistener, can
be used in.the perception process, but when only early segments are
available, is not perceptua]]y usefu].‘,However, there are great individual
differeﬁces, and one subject at 1éést was able to consistently predict
the upcoming vowel above the 1evef she would obtain by chance 5% of the
time even for items of Group IV.

Lehiste and Shockey [1972] have determined that coarticulatory
effects in VCV utterances are not perceivable, whereas Sharf & Ostreicher
[1973] cite evidence that these effects are perceivable in CVNV utterances.

It is not clear why, fof some utterances, coarticulated
information is perceivable, while for others it is not. The extent
of coarticulation may depend on several factors: on the articulators
involved [for example, Carney énd Mo11l, 1971], the place, manner, and
voicing characteristics of the neighbouring phonemes [Stevens and
House, 1963], and the language being spoken [Ohman, 1966]. Depending
on factors such as these, coartiéu]ation at the articulatory level
may be of an extent to produce more or less perceivable effects, or
none at all. It may be, for instance, that coarticulatory influences

of a vowel on. a preceding nasal (as in Sharf and Ostreicher's
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study) are perceivable, whereas coarticulatory influences of a vowel
on a preceding stop consonant (as in Lehiste and Shockey's study) are
less so. Further studies comparing perceivability of coarticulatory
influences on fricatives, nasals, stops, and glides, voiced and
unvoiced, would yield results relevent to this matter. In comparing
such studies to the present one, it should be noted that the /r/ used
here is the uvular fricative, as opposed to the English retroflexed
sonorant. ‘

Table II (Chapter 5) shows between which groups of items
performance differed significantly. One sees that for both Fren;h and
English subjects, and for both Tre] and S, no signiffcant differences
were found between Groups I.and II, although the trend was a slight
decrease from I to II. Subjects were able to identify the vowel when
segments only up to the midd]é of C4 were present almost as well as
they could identify it when they heard all segments including the
entire conéonant. Similarly, no significant differences were noted
between Groups III and'IV, indicating that hearing all of C3 did not
increase a listener's performance over hearing only part of that
consonant. It seems that without the information present in C4, the
amount of other preceding information present makes no difference to

a listener's ability to identify the following vowel.

6.2 Identification of Individual Features of the Missing Vowel

Ali et al. [1971] found that coarticulated nasality was

perceivable in CVN and CVVN utterances from which the final naéa] was

deleted. The present study found that coarticulation of two other
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features, front/back and unrounded/rounded, also have perceivable
effects.

As shown in Tables V and VI (Chapter 5), /i/-/u/ confusfons
were less frequent than /i/-/y/ or [/y/-/u/ confusions, and the vowel
/y/ was corréct]y-identified less of the time than the other vowels.
These results are probably due to the fact that, while /i/ and /y/ share
the feature value front, and /y/ and /u/ the feature value rounded? /il
and /u/ share neither of these. Thus on hearing an item containing
information for a /y/, a subject may misinterpret it as either an
/u/ or an /i/, based on his perception of the shared features discussed
above. Similarly, he may misinterpret an /i/ as a /y/, but is less
likely to misinterpret it as‘an /u/; he may misinterpret an /u/ as a
/y/, but is less likely to misintérpret it as an /i/. Because /y/
shares features with both other vowels, misinterpretations of the kind
described here are more }ike]y to occur for the vowel /y/ than for |
the other vowels.

Figure 6 (Chapter 5) compares perceivability of the front/
back and unrounded/rounded distinctions. Individual features are known
to differ significantly in intelligibility, some being more readily
perceivable than others [Wang and Bilger, 1973]. However, the features
in question here are equally perceivable, though several individuals
were better able to make one distinction than the other.

As expected, perception of either feature decreased as the
test item grew shorter, performances for Groups III and IV being at
the chance levels indicated at the right of each graph in Figure 6.

One sees that, just as segmenté preceding C4'provide no usable infor-
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mation regarding the vowel on their own, they also provide no usable
1nf0rmation.regarding a feature of the vowel.

Comparison of Figures 4 and 6 shows that scores (converted to
%) were considerably higher for feature identification than for vowel
identification, in part a consequence of collapsing the matrix and
including entries off the diagonal of the 3 x 3 matrix. However Trel
values for feature identification were slightly lower than for vowel
identification. One expects feature identification to be better than
vowel identification, the subject being presented with a two-way dis-
crimination task in the first case, and a three-way task in the second.
The slight decrease in T;ei from the vowel to the feature condition
shows that, when both feature distinctions are considered togethen as
is necessary for correct vowel identification, slightly more information
is abstracted from the stimulus than when either feature is considered
on its own. |

The distinctions front/back and unrounded/rounded are the
manifestations of specific articulatory gestures, necessary for the
production of the vowels described above. Coarticulation in the
utterances described here éauses the articulators to initiate thesé
gestures in antfcipation of the upcoming vowel. To an extent, this
effect is perceivable. In the case of rounding, such.anticipatory
coarticulation is known to occur as early as the first consonant of

the C .C4V sequence, yet in general, is perceivable only if segments

1
up to and including at least half of C4 are present, and not if less
than this amount of information is available. It is not known how

extensively fronting is coarticulated in these utterances, but similar
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to rounding, it is perceivable only if a]i segments including at least

half of C4 are present.

6.3 Differences Between Subject Groups

Results show that the perceivability of coarticulated informa-
tion does not seem to be related to the listener's native language,
even though one of the vowels employed in the study (/y/) is not an
English phoneme. Such findings are in agreement with the findings of
Stevens et al. [1969], that the Tistener's linguistic background, be
it English or Swedish, did ndt affect his ability to make subphonemic
distinctions, even among vowels that were not present in his language.
Though the battern of coarticulation may be ]anguage;dependent, its
perception does not seem to be.

Phonetic training did not affect the test results. The subjects
with phonetié background in general were not better able to identify
the missing vowel than the phonetically naive subjects. This suggests
that the ability to make use of coarticulatory information does not
depend on specific training. However, large individual variations in
test performance indicate that not all listeners make the subphonemic
distinctions necessary to predict the missing vowel. Whether they are
. completely unable to do so, or whether several subjects were not
sufficiently motivated or did not completely understand the task,
is not clear. Other researchers of speech perception ébi]ities have
also noted considerable individual differences [Ali et al., 1971;

Liberman et al., 1957; Stevens et al., 1969]. It is likely that
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some subjects in these tasks are more motivated than others; however,
it also seems possible that some individuals possess keener poWers of
discrimination than others. Several of the poorer.performers in the

present study had in fact shown keen interest and motivation in the

task.

6.4 Subjects' Comments

Without exception, all subjects reported that they found the
test difficult. Most felt certainrthey had performed badly (though
they may or may not have), and that they had guessed a large proportion
of the time. The fact that subjects thought the test was a difficult
one and that they had "only guessed" does not necessarily mean that the
perceptual mechanism, to a large extent working subconsciously, could
not handle the task. However, only one of the twenty subjects consis-
tently gave an indication of his confidence in each of his responses,
as was suggested in the instructions. This seems to indicéte that the
task of identifying the vowel was sufficiently difficult to impede
subjects from making the further decision of how confident they were
in each responsé. This may mean, that though the vowel was perceivable
to an extent, use of coarticulatory information is not a process used
in everyday sbeech perception.

As noted in Section 5.5, some subjects tended to do better
on items spoken by one speaker than the others, though there was no
general trend for all subjects to perform best for one pafticu]ar

speaker. Subjects were usually correct when they stated they had

~
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performed best for one of the speakers. Familiarity with one or more
of the speakers did not affect a subject's performance, and the three
speakers, who also sérved as subjects, did not perform best on their
own utterances.

Most subjects could not describe the strategy they had used
in responding. However, several subjects were seen to repeat the test
item subvocally two or three tiﬁes before choosing their response.

Another comment some subjects made was that their choice was
sometimes influenced by a vowel heard in the test item. Specifically,
for an item containing the sequence /lamarsk/, they would tend to choose
the vowel /u/ as the missing one, because of the back vowel /o2/ in fhe
test jtem. Other subjects reported that they tended to choose /u/ for
items of the speaker with the lowest yoice, and one phonetically
trained subject said she often chose /i/ and /y/ for a speaker who she
judged to have "more fronted speech."  Subjects were sometimes, but
not a]way;; accurate in their descriptions of their response tendencies.
Thus it seems several factors may have influenced a subject's response,
perhaps sometimes masking out the perceivab]é effect due td coarticu-
lation. However, none of the factors described above was looked at

specifically in the analysis.

6.5 Conclusions

Ali et al. [1971] hypothesize that if the effects of coarticu-
lation are perceivable, then speech perception can be said to follow
speech production and make use of its idiosyncracies. This ré]ation-

ship is predicted by the motor theory of speech perception
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[Liberman et al., 1967]. Results of the present study suggest that

such a relationship between production and perception exists to an
extent. The perception process can make use of some of the idiosyn-
cracies of production; coarticulated information is only sometimes
perceivable fn -C..CV utterances, notably when all segments up to and
including C4 are present. The present results seem to be predicted
by Wickelgren's [1969] model of context-sensitive coding, in which each-
unit specifies its right- and left-hand neighbours. The final consonant
of the cluster contains information which specifies the immediately
following vowel, but segments preceding the final consonant seem to
contain no perceivable information regarding the vowel. However,'as
discuésed previously, it is 1ikely that it is the cumulative information
present in all preceding segments'that is used perceptually. Also,
there is no reason to assume that coarticulatory influences of a vbwe]
could never be strong enough to produce a completely perceivable
effect on a phoneme more than one removed from the vowel. Some
subjects were able to identify the vowel when hearing utterances
truncated after C3 of the cluster, suggesting that, for them at least,
context sensitivity is not limited to the immediately neighbouring
phoneme. In addition, C3 in the utterances used here wés always a
voiceless stop. It is not known what the coarticulatory influence of
the vowel on a nasal or fricative in that position may be.

The fact that subjects can use subphonemic coarticulatory
information to identify an upcoming vowel does not mean that the
perception process necessarily incorporates this ability. There is

evidence that subphonemic distinctions are not as well perceived as
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phonemic ones [Liberman et al., 1957; Stevens et al., 1969], and speech
perception seems to be primarily a categorical process. But it is
possible that in unfavorable conditions, such as a noisy environment

or a large amount of information having to be processed quickly,
coarticulatory effects are used as cues by the perceptual mechanism.
Use of such redundant cues would facilitate correct identification of
any one speech sound. It is clear that some coarticulatory effects

provide significantly perceivable information to the listener.
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APPENDIX I

Utterances Used in the Experiment

la dextre inimitable

la dextre universelle

Ta dextre outragée

1'averse
1'averse

1'averse

1'amorce
T'amorce

1'amorce

tribale
truquée

troublee

criptique
cruciforme

croupissante

/Yadekstrinimitabl/
/ladekstryniversel/

/ladekstrutra 5e/

/laverstribal/
/laverstryke/

/laverstruble/

./lamarskriptik/
/lamarskrysiform/

/lamarskrupisant/

/8
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APPENDIX II

Instructions

You will be hearing a tape of a series of short French utter-
ances. The end of each utterance has been deleted. Listen carefully
and decide what vowel will follow the truncated utterance. The

possible answers are the French vowels "i" as in "dites," "u" as in

1n 1

une,

/u/).

and "ou" as in "bout" (that is, the phonetic symbols /i/, /y/,

For example, the utterance may be:

la dextre inimitable
or la dextre universelle

or la dextre outrageée
However, you will hear the phrase cut off before the vowel:
la dextr(e)---

In all cases, your task is to decide if the missing vowel {s "i," "u,"or"ou,"
Choose your answer on the basis of what you hear, and what vowel sounds
as i1f it is coming up. Do not be concerned with the meaning of the
utterance.

The next sheet contains a list of all the utterances. -Remember,
you will not be hearing the whole utterance, only a shortened form.
The 1ist is meant to familiarize you with all the possible answers.

Your task is to identify only the missing vowel.
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Mark your answer in the appropriate column on the answer sheet.
If you feel you do not know the answer, it is important that you guess.
Approximately 1/3 of the answers are "i," 1/3 "u," and 1/3 "ou." These
numbers are only approximate, so listen carefully and mark your answer
as the vowel you feel most sure is the missing one.

If you 1ike, you can mark an indication of the confidence
you have in your choice. I? you are reasonably sure you have answered
correctly, mark a 'l1' beside your anéwer. If you are not too sure of
the answer you have put down, or if you have no confidence at all in
your respanse, mark a '2' or a '3' respectively beside the answer. You
need not make this judgment for each response if youAfee1 you do nof
have the time.

There are 110 items on the test. It will last approximately
20 minutes. You will first be hearing three practice items, after
which the tape will be stopped in-case you have any questions. You may
ask to stob the tape any time during the test if you feel you need a
break, but no item will be repeated.

Choose your answer on the basis of Qhat you hear, and what

vowel sounds as if it is coming up.



