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INTRODUCTION

This is the sixth annual progress and status report of research activities
on speech perception, analysis and synthesis conducted in the Department of
Psychology at Indiana University. As with our previous progress reports, our
main goal has been to summarize our various research activities over the past
year and make them available to interested colleagues in the field. Some
of the papers contained in this report are extended manuscripts that have
been prepared for formal publication as journal articles or book chapters.
Other papers are simply short reports of research presented at professional
meetings during the past year or brief summaries of the status of on-going
research projects in the laboratory. We also have included new information
on instrumentation developments and software support when we think this
information would be of interest or help to other colleagues.

We are distributing progress reports of our research activities
primarily because of the lag in journal publications and the resulting delay
in the dissemination of new information and research findings in the field.
We are, of course, very interested in following the work of other colleagues
who are carrying out research on speech perception, production, analysis
and synthesis and, therefore, we would be grateful if you would send us
coples of your own recent reprints, preprints and progress reports as they
become available so that we can keep up with your latest findings. Please
address all correspondence to:

Professor David B. Pisoni
Department of Psychology
Indiana University
Bloomington, Indiana 47405
U.S.A.

Copies of this report are being sent primarily to libraries and
research institutions rather than individual scientists. Because of the
rising costs of publication and printing it is not possible to provide
multiple copies of this report or issue copies to individuals.
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Abstract

Two experiments examined the ability of 6- to 12-month-old
infants to discriminate differences in voice-onset-time (VOT) at
several regions along a synthetlec VOT continuum ranging from =70
maec to +70 meec. An operant headturning technigue, combined
with an adaptive staircase testing algorithm, was used to
determine whether individual infants could discriminate fixed
VOT contrasts and to estimate thresholds for resolving small
differences in VOT. Infants from an English-speaking
environment provided reliable within-subject evidence for
discrimination of VOT contrasts located at both the plus and
minus regions of the VOT continuum. Threshold AVOT wvalues
indicated that the infantas were more sensitive to VOT
differences in the plus region of the VOT continuum than in the
minus region. Similar AVOT results were obtained from
English-speaking adults tested under identical experimental
conditions. However, the adults were more sensitive than the
infants at every location along the VOT continuum. In addition,
the adults showed a peak sensitivity to VOT differences
surrounding the voiced-voiceless boundary in the plus reglon of
the VOT continuum, a peak that was not evident in the infantas'
data. These results provide strong evidence that infants from
an English-speaking environment are capable of discriminating
VOT contrasts that are not phonemic in Bnglish. Previous claims
that the ability to discriminate VOT contrasts in the minus
region of the VOT continuum is acquired from early linguistic
inputs, &as well as claims that infants perceive VOT differences

in a phonetic mode, are critically evaluated.

4



Discrimination of VOT Page 3

Diserimination of Volice-onset-time by Human Infants:

New Findings Concerning Phonetic Development

The past decade has witnessed a remarkable upsurge of
interest in the sensory and perceptual capabilities of young
infants. 0Of particular importance to this trend was the
pioneering study of speech sound discrimination by Eimas,
Sigqueland, Jusczyk and Vigorite (1971). The Eimas, et al.
study has been extremely influential not only because of the
infant discriminative abilities demonstrated but alsc because of
the interpretation offered concerning the developmental
machanisma underlying speech perception. It is to these broad
interpretive and theoretical ([ssues that the present paper is
addregsed.

The findings and interpretations reported by Eimas, et al.
in their study of infants' perception of synthetic speech sounds
consisted of four major points. First, infants as young as
one-month of age were shown +to be capable of discriminating
amall differences in an acoustic parameter, volce-onset-time
(vot), ! a dimension that is sufficient to differentiate the
phonetic categories of voiced (b, 4, g) from voiceless (p, t, k)
stop consonants. Second, only VOT differences that straddled
the voiced-voiceless boundary for English-speaking adults
{approximately +25 msec) were discriminated by young infants
from an English-speaking environment. Comparable differences in
VOT selectad from within the phonemic categories of English were

not discriminated, Third, the differences in infants'
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sensitivity +to VOT contrasts within and between categories were
interpreted as evidence of categorical perception. And fourth,
based on a traditional view that categorical perception is
unigque to speech sounds, and the fact that young infants have
little opportunity to acquire phonetlie categories prior to
testing, their discrimination performance was interpreted as
evidence of "perception in a linguistic mode (that) may well be
part of the biological makeup of the organism (p. 306)." In
recent years, however, new data from several areas of avditory
perception have raised many guestions concerning these initial
interpretations, despite overwhelming support for the conclusion
that infants appear to discriminate a wide variety of phonetic
contrasts (see reviews by Aslin and Pisoni, 198B0b; Eilers,
1280; Eimas, 1975, 1978:; Eimas and Tartter, 1979: Jusceyk,
1980;  Kuhl, 1976, 1978; 1980: Morse, 1978, 1979:; Trehub,
1979) .

The inEerpretatinn that young infants perceive voT
differences categorically was premature for two reasons. First,
categorical perception Thas been characterized by three
properties: (1) a sharp cross-over in the VOT identification
function at the category boundary, (2] a non-monctonic
digscrimination function with peak WVOT sensitivity at the
category boundary, and (3) an accurate prediction of the
discrimination function from the identification function
{studdert-Kennedy, Liberman, Harris and Cooper, 1970). only
data on VOT discriminability were obtained in the Eimas, et al.

Etudy.2 Moreaver, the correspondence between discrimination
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and didentification functions must be verified with individual

subject data, and only group data were available from the Eimas,

et al. study because of the high variability associated with

the high amplitude sucking technique. Since there are always
many potential reasons for an infant's failure to perform at
above chance levels in any perceptual study (e.g., Iinsensitive
methods, poor attention, etc.), the discovery of a discontinuity

in VOT discrimination was only suggestive of categorical

discrimination. For example, in adults there are peak regions
of discriminability between adjacent vowel sounds despite the
non-categorical nature of vowel discrimination (Stevens,
Liberman, Studdert-Kennedy and Ohman 1969; Pisoni, 1975).

A second reason that the Eimas, et al. interpretation of
categorical perception in infants was premature stems from the
correspondence between the infants' presumed peak in voT
discriminability and the location of the category boundary for
English-speaking adults. If Eimas, et al. had found that
infants only discriminated a VOT contrast that did not
correspond to the category boundary of English-speaking adults,
then their interpretation would have been somewhat different.

In fact, as shown in Figure 1, the precise location of adults’
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category boundary for veicing differences varies considerably
froam langupage to language (Lisker and Abramson, 1964).

Moreover, adults appear to be most sensitive to VOT differences
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located at or near the category boundary used in their native
language (Abramson and Lisker, 1970). These differences in VOT
sensitivity among adults are clearly the result of experiential
influences exerted during the language learning process,
although some underlying sensory or psychophysical mechanism may
also operate to limit the number and general locatlon of the
category boundaries employed by various phonological systems. 2
Thus, for example, if the results obtained by Eimas, et al. had
been gathered by researchers In Guatemala (Spanish has a VOT
boundary of +4 msec) or Thailand (Thai has two VOT boundaries
near =30 msec and +25 meec), they might not have been
interpreted as evidence for categorical perception, but simply
as evidence for infants' differential sensitivity to VOT
differences. In other words, it may have been fortuitous that
the infants in the Eimas, et al. study discriminated a VOT
contrast that corresponds closely to the peak in VOT
discriminability for the wvoicing boundary in English-speaking
adults.

Given the interpretation by Eimas, et al. that infants
perceive stop consonants categorically, the further inference
that infants perceive these sounds in a "linguistic mode"
according to innate phonetic categories was undeniably a
seductive conclusion. Unfortunately, a definitive answer to the

question of whether infants perceive speech sounds as linguistic

units rather than acoustic entities demands more than simple
discrimination data. 1f, Thowever, one 1is limited to

discrimination data, then there are two key tests of the
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hypothesis that infants perceive stop consonants as phonetic

segments (the phonetic-coding hypothesis).4 First, since a

phonetically-based perceptual system presumably performs some
type of special analysis on speech sounds, then phenomena that
are unique to speech, such as categorical perception, should not
be present for nonspeech control signals. However, several
recent studies with adults (Cutting and Rosner, 1974; Cutting,
Rosner and Foard, 19?6: Miller, Wier, Pastore, Kelly and
Dooling, 1976; Pisoni, 1977) have conclusively demonstrated
that categorical perception is not unique to speech sounds. In
addition, two studies (Jusczyk, Rosner, Cutting, Foard and
Smith, 1977; and Jusczyk, Pisoni, Walley and Murray, 1980) have
clearly demonstrated that nonspeech sounds are discriminated in
a categorical-like manner by human infants. Thus, the seemingly
plausible interpretation that infants who exhibit
categorical-like discrimination of stop consonants are employing
a phonetic level of analysis must be reexamined in light of
these recent findings.

The second Xkey test of the phonetic-coding hypothesis
involves comparative studies of the perception of human speech
signals by non-human species. Since non-humans do not have
access to the phonology of a natural language, their perceptual
behavior should not exhibit any property assumed to be unique to
human speech perception, such as categorical perception.
Several recent studies (Kuhl and Miller, 1975, 1978; Morse and
Snowden, 1975; Waters and Wilson, 1976) have demonstrated that

in chinchillas and monkeys some of the characteristics of



Discrimination of voOT Page 8
categorical perception (either non-monotonic discrimination
functions or the presence of sharp identification functions) are
present. Thus, If categorical perception can be demonstrated by
non-humans presented with human speech sounds, and conversely by
human  adults presented with nonspeech saignals, then the
conclusion that categorical-like discrimination of VOT by human
infants is mediated by a phonetic level of analysis is equivocal
at best.

Desplte awareness of the foregoing evidence against a
phonetically-based speech perception system in human infants,
numerous researchers have continued to interpret {nfant apeech
discrimination data according to the phonetic-coding hypothesis
(Eimas, Note 1; Eimas and Miller, 1980; Eimas and Tartter,
1979; Eilers, Gavin and Wilson, 1979; Miller and Eimas, 1979;
Morse, 1978). One approach to resolving this controverasy
congsists of studying young infants®' ability to discriminate a
wide range of VOT contrasts, particularly those contrasts that
cross a category boundary that is not used in the phonological
system of the infant's native language. If, during the course
of early infancy, the peak in VOT discriminability begins to
correspond precisely with the VOT category boundary of the
infant's native language, then the process of phonetic tuning

may be inferred.5 This process of phonetiec tuning could

involve the acguisition of sensitivity to only those VOT reglons
surrounding category boundaries used in the infant's language

environment, or a selective attenuation and/or realignment of

any peak(s) in VOT sensitivity that is (are) already present at

10
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birth (see Aslin and Pisoni, 1980b, for a discussion of these
possible experiential modifications).

Within the last few years, four studies have been carried
out to examine the abilities of infants to discriminate VOT
contrasts that do not occur in the infant's native language.
Eimas (1975) found only weak evidence, despite employing a very
large (80 msec) difference in VOT, that infants from an
English-speaking environment discriminated a VOT difference that
contrasts a voiced /4/ from a wvoiceless unaspirated /tf, a
difference which is used phonemically in Thai. Lasky,
Syrdal-Lasky and Klein (1975) found that Guatemalan infants from
a Spanish-speaking environment discriminated a voiced /b/ from a
voiceless unaspirated /p/, as well as a wvolceless unaspirated
/p/ from a voiceless aspirated fﬁhf. However, neither of these
contrasts crossed the Guatemalan adult category boundary of +4
muec (Wwilliams, 1977). Interestingly, a third group of
Guatemalan infants falled to discriminate the VOT contrast that
straddled the adult boundary. Streeter (1976) found that
infants from a Kikuyu language environment discriminated both
the voiced /b/ from the voiceless unaspirated /p/ and the
voiceleas unaspirated /p/ from the voiceless aspirated Ipﬁf. It
should be noted here that Kikuyu adults do not employ contrasts
in voicing at the labial place of articulation in their native
language, although the voiced-voiceless unaspirated distinction
is wused phonemically at the wvelar place of articulation.
Finally, FEilers, Gavin and Wilson (1979) have recently reported

that infants from a Spanish-speaking environment discriminated a

11
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voiced /b/ from a voiceless unaspirated /p/, as well as a
voiceless unaspirated /p/ from a voiceless aspirated /ph P
Recall that Spanish does not employ the voiceless aspirated
labial stop phonemically (see Figure 1). Eilers, et al. also
reported that infants from an English-speaking environment
discriminated the VOT contrast that is phonemic in English
(voiceless unaspirated /p/ from voiceless aspirated /bh/), but
failed to discriminate the voiced-voiceless unaspirated contrast
that 1is phonemic in Spanish (see, however, Aslin and Pisoni,
1980a, for a critique of these conclusions).

To a first approximation, the results of these four
discrimination studies suggest that infants from all language
environments studied to date are able to discriminate VOT

differences in the plus (i.e., short lag) region of the VOT
continuum that signal differences in aspiration Dbetween the
voiceless stops in a number of languages. However, only infants
from a 1language environment that uses the voiced-voiceless
unaspirated distinction phonemically are apparently able to
discriminate VOT differences in the minus or lead region of the
VOT continuum. Despite the lack of precise correspondence
between the adult category boundary and the presumed peak in VOT
discriminability for infants in the Lasky, et al. and Streeter
studies, the absence of any evidence for VOT discrimination in
the minus = VOT region by infants from English-speaking
environments has suggested to several researchers that the
voiced-voiceless unaspirated distinction must Dbe "learned"

through experience in a specific linguistic environment (e.g.,

12
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Eilers, et al., 1979). However, several important

methodological and interpretive issues have been raised recently
concerning the Eilers, et al. study in particular, and for that
matter, any study that claims to demonstrate that infants fail
to discriminate specific VOT contrasts (see critique by Aslin
and Pisoni, 1980a, and reply by Eilers, Gavin and Wilson, 1980).
Thus, it is of particular theoretical importance at this time to
determine whether infants from an English-speaking environment
are, 1in fact, capable of discriminating VOT contrasts in the
minus region of the VOT continuum. Positive evidence of such
discriminative abilities would demand a careful reinterpretation
of the phonetic-coding hypothesis as it has been applied to
infants' discrimination of speech signals.

In the present study, the capacities of infants to
discriminate VOT differences were examined along a broad range
of a synthetic VOT continuum encompassing voiced, voiéeless
unaspirated and voiceless aspirated bilabial (b, p,-ﬁh) stop
consonants. In addition, the limits of the infants' ability to
detect small differences in VOT were assessed 1in a
psychophysical testing procedure using an adaptive staircase
technique. The discrimination procedure employed an operant
headturning paradigm that enabled us to collect data over
multiple sessions from the same infant. If reliable evidence
for the ability of infants to discriminate VOT contrasts in the
minus region of the VOT continuum could be obtained, then the
phonetic-coding hypothesis regarding infant speech perception

would be further weakened, as would be claims that the
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volced-voiceless unaspirated distinction must be learned from
early experiences in the language- learning environmment. In
addicion, such results would also imply that previous failures
to demonstrate that infants can discriminate
phonologically-irrelevant VOT contrasts may well have been
subject to subtle methodological artifacts. Finally, positive
evidence of discrimination of both lead and lag VOT contrasts
would imply that both voicing distinctions (voiced-voiceless
unaspirated and volceless unaspirated- voiceless aspirated) are

discriminated on the basis of an underlying psychophysical

mechanism that is language-independent.

Euggrinent l

Method

Subjects. A total of 92 infants ranging in age from 5.5 to
11.5 months participated in Experiment l. Forty-two of these
infants failed to show any reliable evidence of acguiring the
headturn response after two sessions and were dropped from the
study. & Infants were solicited on a volunteer basis by letter
and phone from the birth announcements in the local newspaper.
All infants were presumed to have normal hearing, although
intermittent illnesses (and poor performances) may have been
accompanied by middle ear infections (otitis media). The
parents were paid §31 for each testing session.

Stimuli. The stimull consisted of a set of 15 esynthetic

labial stop consonant-vowel syllables that were generated on the

14
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cascade-parallel software synthesizer originally designed by
Klatt (1980) and subseguently modified and expanded in our
laboratory by Kewley-Port (1978). The 15 stimuli differed in 10
mesac stepa of VOT from =70 msec to +70 msec. Spectrograms of
the =70 msec, 0 msec and +70 msec stimuli are {llustrated in

Figure 2. The values used for synthesis of these stimuli were

S T - .

Insert Figure 2 About Here
chosen from measurements of natural speech originally made by
Klatt (NMote 2) as well as our own measurements from spectrograms
of the speech of a native English-speaker (RFP), a trained
phonetician, producing various volecing contrasts. The stimuli
consisted of a 255 msec steady-state pattern with formant values
appropriate for the vowel [fa/ (F1=T00Hz, BW1=90 Hz; F2=1200 Hz,
BW2=90 Hz: FI=2600 Hz, BW3I=130 Hz; F4=3300 Hz, BW4=400 Hz;
F5=3700 Hz, BW5=500 Hz). The formant transitions into the vowel
wareé 40 maec in duration and had starting frequencies
appropriate for the bilabial stop in stressed syllable initial
position (Pl=438 Hz, P2=1025 Hgz, F3=2425 Hz). Voicing lead was
simulated by passing a combination of the sinuscidal voicing
source (ASYV) and normal voicing (AV) through Fl which was set at
180 Hz with a bandwidth of 150 Hz. The amplitude values of the
volecing source were chosen to match natural productions measured
from broad-band spectrograms and average amplitude contours. A
10 msec release burst was generated by passing a turbulent noisa

source (AF) through the bypass channel (AB) of the parallel

15
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branch of the synthesizer which has a broadband (5 KHz) flat
spactrum. The amplitude of the release burst was chosen on both
theoretical and empirical grounds after a long series of
listening tests, Finally, the aspliration associated with
voiceless stops was generated by passing a nolse source (AH)
through the cascade branch of the synthesizer to simulate the
turbulence produced at the glottis. The amplitude of aspiration
was again chosen to match measurements of spectrograms of
natural speech. During the period of aspiration, the bandwidth
of Fl was also widened to 300 Hz. To simulate breathiness at
the end of the syllable, the bandwidth of Fl was widened
linearly from 90 Hz to 1B0 Hz and some aspiration noise was
added to the final 35 maec of the stimulus. The piltch contour
had & slight rise at the onset of the release of the consonant
from 120 Hz to 125 He and then fell linearly to 100 Hz over the
remaining steady-state portion of the vowel.

Apparatus. The testing situation is illustrated in Pigures
3 and 4. Infants were tested individually in a single-wall
sound attenuated booth (IAC Model 402, internal dimensions 2 X 2
m) while seated on their parent's lap. An assistant was seated
facing the infant and parent. The assistant had access to a
group of small toys that were used to attract the infant's gaze
during the testing procedure. The booth was equipped with a
single loudspeaker (Radio Shack MC-1000), a cassette tapedeck
that presented masking music over headphones to the assistant
and parent, and a visual reinforcer. The visual reinforcer

consisted of a smoked plexiglas enclosure (30 om cube)

16
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containing a motorized toy animal (bear, monkey or dog) that
could be activated by the experimenter who was located outside
the testing booth. When the reinforcer was activated, the
inside of the plexiglas enclosure was illuminated by two
fluorescent bulbs. Thus, the toy animal was not visible until
the lights were illuminated, at which time the toy became

animated (drummed, clapped or jumped).

The entire experimental procedure was controlled on-line in
real=-time by a PDP-11/34 computer. The experimenter viewed the
infant on a closed-circuit TV monitor during the entire testing
procedure. The experimenter initiated trials and coded the
infant's behavior with a button box that was interfaced to the
computer. The computer program presented the speech sounds at a
10 KHz sampling rate through a 12 bit D/A converter to the
loudspeaker in the booth and controlled the onset and offset of
the visual reinforcer. The program was designed to code the
experimenter's responses, present all stimuli, and deliver
reinforcement in accordance with a set of constraints dictated
by the experimental procedure. The coding of all responses and
stimulus contingencies on each trial of the experiment were
stored by the computer on disk for later analysis.

Procedure. The basic testing procedure employed a varlant
of the operant headturning technique originally developed by

Wilson (1978), with the addition of more rigorous control

17
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procedures to eliminate experimenter bias and an adaptive
staircase testing algorithm to estimate the limita of the
infant's discriminative abilities. The basic operant
headturning procedure involves the repetitive presentation of a

background signal that is interrupted by several repetitions of

a novel target signal. The discriminative response is a
unidirectional headturn toward the direction of the visual
reinforcer and loudspeaker, which in our laboratory are located
to the infant's left asm shown in Pigures 3 and 4. Initially,
the infant is naive to the contingency between the change in the
background signal and the headturn response. Thus, the infant
must be shaped to orient toward the location of the change in
the stimulus which signala the appearance of the visual
reinforcer. Evidence of poaitive discrimination in this
procedure consists of an anticipatory  Theadturn on

stimulus-change (experimental) trials and the absence of an

anticipatory headturn on no-change (control) trials.

Dur modification of this basic headturning procedure
involved three distinct phases: {l1) shaping, (2) criterion
testing and (3) staircase testing. Throughout all three phases
the speech stimuli were presented with a constant interstimulus
interval of 1200 msec, thus eliminating any potential temporal
cue that might occur during the shift from background to target.
During the shaping phase the experimenter viewed the infant on a
™ monitor and, when the infant's gare was steadily directed
toward the toys being manipulated by the assistant, initiated an

experimental trial consisting of three repetitions of the target

18
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stimulus. In the first testing session for each infant, shaping
trials began with the background at 70 d4b and the target at B0
db. This additional redundant intensity cue was used to
facilitate the infant's acquisition of the basic orienting
response toward the sound change. On subsequent shaping trials,
the intensity of the target was reduced in 5 db steps ountil the
target and background were equated at 70 db. The experimenter
typically reduced the target intensity after 2 or 3 trials on
which a correct anticipatory headturn response was observed.
Throughout the ahaping phase the experimenter could hear the
Btimuli being presented to the infant, thus enabling her to
judge how well the infant was performing and ensmuring that the
visual reinforcer was presented immediately after a headturn.
In addition, the experimenter sometimes presented the visual
reinforcer simultaneously with the onset of the sound change to
establish the contingency between sound change and visual
reinforcer for the infant, When the experimenter Jjudged that
the infant was consistently anticipating the appearance of the
visuval reinforcer on triale in which the target and background
were equal in intensity, the computer program was signalled to
proceed to the next phase of the experiment, the criterion
testing phase.

During the criterion testing phase the experimenter wore
headphones through which a tone was presented in synchrony with
the background and target atimuli. The experimenter continued
to dinitiate trials whenever the infant's gaze was consistently

directed toward the toys being manipulated by the assistant in

19
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the Tbooth. Trials now consisted of two types: experimental
(change) or control (no-change). These two trial types were
presentaed according to one of eight pseuvdo-random orders
(Pellows, 1967) with the constraint that no more than two
control trials be presented successively and that each type of
trial ocecur with equal frequency in each block of ten trials.
The observation interval for acoring the infant's headturn
response began with the onset of the first target repetition and
ended +two seconds after the third (and final) target repetition
(total scoring interval = 5.285 sec). If the experimenter
judged that a headturn had occurred during the scoring interval
on an experimental trial, a button was pressed which aignalled
the computer te immediately present the visual reinforcer for
three seconda. If the headturn button was pressed on a control
trial, the computer did not present the visual reinforcer. The
computer program also kept a running tally of the infant's
percent correct responding on the previous five experimental
trials and the previous five control trials. When this percent
correct met an BO% correct criterion for both experimental and
control trials, the computer automatically terminated the
eriterion testing phase of the experiment and immediately
proceeded to the staircase testing phase. This BO% criterion,
applied to the five experimental and five control trials,
results in a probability of .055 (based on the binomial
expansion, p= 0.5, q= 0.5) of falsely accepting the hypotheslis
that the infant was responding above chance. Note that the

experimenter was "blind" as to the type of trial (experimental

Z0
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or control) presented to the infant on any trial during the
criterion testing phase, The parent and the assistant in the
booth were also "blind" as to the time of onset and type of
trial presented. Thus, there was no potential for experimenter
bias to influence the infant's discriminative behavior in this
testing procedure (see Aslin and Pisoni, 1980a).

The staircase testing phase was identical to the criterion
testing phase except that the VOT value of the target stimulus
wag varied as a function of the accuracy of the infant's
performance on preceding trials. A staircase algorithm was used
to measure the amallest VOT difference between the background
and target that the infant could reliably discriminate. The
algorithm followed a 2 up and 1 down rule in which two correct
responses At a given target VOT value resulted in a change in
the VOT value of the target that decreased the background-target
VOT difference. A single incorrect response at a given target
VOT value resulted in an increase in the background-target VOT
difference. This staircase algorithm generates a probability of
correct response equal to 70.7% (see Levitt, 1970).

Figure 5 illustrates the response sequence of a particular
infant tested in the staircase phase on a VOT series with 0 msec
as the background stimulus and -70 msec as the initial target
stimolus. The VOT step size in this series was 10 meec, so that
two correct responses (hits) or one incorrect response (miss)
resulted in a 10 msec change in the target VOT value, either up
or down, relative to the constant background signal. This

infant consistently responded to the shift from background to
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target at target VOT wvalues of -70, =60, =50, =40 and =30 msec
before failing to respond on the Ffirst trial at -20 msec. The
"miss” at -20 msec resulted in a return of the target VOT value
to =30 msec on the subsequent trial. As shown in Figure 5, the
2 up and 1 down algorithm generates a series of reversal points
which can be used to estimate the target VOT value that is
discriminated from the background at the 70.7% level. At least
five reversals were required in a given staircase testing
session for the infant's data to be considered acceptable. The
computer program terminated the staircase phase when six
reversal points had been collected, The estimate of the VOT
threshold value was computed as the mean of the midpoints of the
five or six reversal points. Finally, in carrying out this
procedure, we also included probe trials which occurred whenever
the infant failed to respond correctly on two consecutive
trials. Probe trials consisted of presenting the VOT value of
the initial target (the largeat VOT difference). These probe
triale not only helped to maintain the infant's interest in the
task during brief periods of inattention, but also provided us
with an objective behavioral criterion that could be used to
terminate a session prior to reaching the five reversal point
reguirement. If an infant failed to respond correctly on three
consecutive probe trials, the session was terminated and the
data were Jjudged to be unacceptable on the grounds that the
infant had not maintained selective attention to the criterial

properties of the stimuli.

22



Discrimination of VOT Page 21

- N RS S S

Inmert Figure 5 About Here

Deslgn. All infants were initially tested on the full VoOT
series, with assignment of target (-70 eor +70 masec) and
background (+70 or =70 msec) randomized across subjects. Of the
50 infants who progressed beyond the shaping phase, 44 completed
the criterion testing phase on one of the two full VOT series.
Twenty-seven of these infants who met criterion in the testing
phase completed the staircase testing phase on the full VOT
series. The step size used in the staircase testing phase with
the full VOT series was 20 msec. Those infants who falled to
meet the BOW correct criterion (6 of 50) and those who failed to
complete the staircase phase (17 of 44) either were unable to
return for additional testing sessions or showed little further
interest in the visual reinforcer.

After completion of the staircase testing phase on the full
VOT series, each infant returned for further testing sessions on
several truncated versions of the full VOT series. Bach of
these truncated VOT series spanned a range of 70 msec from
background to target and employed a step size of 10 msec. | %
the infant's background VOT wvalue on the full series was +70
msec, then the background value on subseguent truncated series
was +70, +50, +20 and 0 msec. 1If the initial background VOT
value was =70 msec, then on the truncated series it was 0, =20,
—50 and =70 msec. Thus, the initial truncated series was

located in the plus region of the VOT continmmm, and subsequent
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truoncated series were gradually shifted to the minus region of
the VOT continuum.

Finally, it became clear that many infants became satiated
both with the visual reinforcer and the entire testing procedure
after several sessions. Thus, within a session on the truncated
VOT series, the criterion testing phase was eliminated for
approximately half of the infants. These infants, however, had
met criterion during the full VOT series. For these infants,
testing on the truncated mseries proceeded directly from the
shaping phase to the stalrcase testing phase.

Adult Controls. Two groups of 10 adults were also tested

with the same VOT stimuli in a procedure identical to that used
with the infants. Each adult was tegted individually inmn the
gsame sound-attenuated booth and listened to the stimuli through
the same speaker. The adults were instructed to respond to any
difference in the background signal by raising their hand or
turning their head to view the reinforcer. The reinforcer was
modified by placing a "ecorrect" sign inside the plexiglas
enclosure in front of the animated toy. One group of adults was
assigned to the -70 msec background and the other group to the
+70 mesec background for testing on the full VOT series.
Subsequent tests on the four truncated series proceeded in the
same manner as with the infants. Since the adults had 1little
difficulty in discriminating the five YVOT contrasts, thaey
proceeded directly from the shaping phase to the staircase

testing phase. Data for all five VOT series were collected in a

single one hour testing session.

24



Discrimination of VOT Page 23

Results and Discussion

Forty-four of the 50 infants who proceeded from the shaping
phase to the criterion testing phase met the 80% criterion on
one of the two full VOT series (-70 vs. +70 or +70 vs. -70
msec) . Although all of these 44 infants demonstrated reliable
evidence of discriminating this large VOT difference between the
endpoint stimuli, only 27 infants subsequently completed the
staircase testing phase. This additional subject attrition
resulted from the high demands of passing through both the
criterion and staircase testing phases in a single session
(average number of sessions to completion = 3.5). Often, an
infant would meet the 80% criterion and begin the staircase
phase, but then fail to provide the required five reversals
before becoming fussy or inattentive. Nevertheless, the 27
infants who compieted the staircase testing phase comprise a
relatively large sample, particularly since each infant provided
within-subject data rather than simply between-subject group
data as in past studies of infant speech discrimination.

Data from each of the 27 infants who completed the
staircase phase on one of the two full VOT series are
illustrated in Figure 6. Note that the target VOT value at
which the infants ceased to respond, i.e., the estimaté of their
category boundary, was located at or near the VOT value
typically associated with the voiced-voiceless boundary in
English-speaking adults. The.mean boundary value for these 27
infants was 21.6 msec. On the basis of these data alone, it

would appear that this boundary location in the voicing lag or
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plus region of the VOT continuum is not only very distinctive
perceptually, but that infants from an English-speaking
environment are incapable of reliably discriminating VOT
differences in the minus region of the VOT continuum. However,
a stronger test of this hypothesis requires a closer examination

of infants' discriminative abilities within more restricted

regions of the VOT continuum.

———— . ———— — i —— T . o o o o T o —

Eleven of the 27 infants who completed the full VOT series
went on to successfully complete the staircase testing phase on
one of the two VOT series in the plus region of the VOT
continuum (0 vs. +70 or +70 vs. 0). Seven infants
subsequently completed another truncated series in the plus
region of the VOT continuum (450 vs. =20 or -20 vs. +50).
Boundary values for each infant who completed the staircase
phase on VOT contrasts in the plus region of the VOT continuum
are shown in Table 1. First, note that on the two +70 series
the Dboundary values were similar to those obtained on the full
(=70 vs. +70) series. The mean boundary value for the 11
infants who completed the +70 series was 29.5 msec compared to
the 21.6 msec mean on the full VOT series. These data from the
truncated +70 series are presumably more accurate estimates of
the category boundary because the staircase step size was now
set at 10 .msec rather than the 20 msec used in the full VOT

series. Second, note that the category boundary was shifted
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slightly in the +50 series compared to the +70 series. The mean
boundary value in the +50 series was 12.4 meec, significantly
less than the 29.6 msec in the +70 series (t = 2.59, df = 13, p
< .05). Despite the difference in the location of the boundary
between the +70 and 450 series, these data provide further

evidence that the boundary is located in the plus region of the

VOT continuum when the stimulus endpoints are restricted to the

=20 maec to +70 msec range.
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Although not all infants provided boundary wvalues on all
five VOT meries because of scheduling conflicts and satiation to
the reinforcer, several infants proceeded from the +70 series to
tha two series in the minue region of the VOT continuum. Eight
infants successfully completed the staircase phase 1in the two
=50 @series and three infants completed the staircase phase in
the two -70 series. These data from individual infants are
shown in Table 2. Mote that 10 different infants provided
boundary values for stimulus contrasts that were in the -70 to
+20 msec range. WNeither of these stimulus contrasts crossed the
category boundary for voicing differences employed by adult
aspaakers of English. Although these boundary values were more
variable than the boundaries obtained with contrastas in the plus

region of the VOT continuum, these infants nevertheless
demonstrated reliable evidence of discriminating these

phonologically=-irrelevant VOT contrasts.
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An important aspect of these data is the fact that they
were obtained from individual {nfants, rather than the
between—-subject group data typically reported in past studles
that have used high-amplitude sucking (HAS) and heart rate (HR)
measures. Although there are eclearly individual subject
differences in the precise location of the boundary values shown
in Figure & and Tables 1 and 2, there were a number of Iinfants
who were remarkably consistent across sessions. Figure 7
i1llustrates the staircase boundary data from an infant who
proceeded through all five VOT series in just meven testing
sesgsions. This infant's boundary wvalues were consistently
located near +20 mgec for contrasts that crossed this VOT value
{+14, +28 and +15 on sessions 2, 3 and 6). However, when the
VOT series was shifted to the minus region of the VOT continuum,
this infant showed boundary values that were consistently
located near =20 msec (-21 and -26 msec on sessions 5 and 7).
In addition, this infant was remarkably consistent in providing
boundary wvalues based on small differences in the reversal
points during the staircase phase. The last four reversal
points on all four truncated VOT series were separated by only
20 msec (2 steps). Although one cannot generalize from a single
infant to the entire population of infants from English-speaking
environments, this particular example illustrates the power of

the head-turning technique combined with an adaptive testing
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algorithm in obtaining reliable and consistent data on multiple

sessions from attenktive infanks.

A final comparison between the infants and the adults
tested in the same staircase procedure is shown in Table 3.
These comparisons musat be made somewhat cautiously because of
the low sample sirge for several of the VOT series from the
infants. MNevertheless, there are consistencies in the data that
suggest a tentative conclusion regarding the ability of infants
and adults to discriminate differences in VOT. For adults, mean
boundary wvalues in the plus region of the VOT continuum were
centered around 24 mseec. For Ainfants, the comparable mean
boundary wvalues were centered around 21 msec. And, for adults
and infants, the mean boundary values in the minus region of the
VOT continuum were centered around =23 mgec and -16 maec,
rlupactivelr.T These results appear to be remarkably similar.
However, if one considers the staircase procedure to be a
threshold task, then we have actually obtained estimates of the
difference limens (DL) for each background VOT value. From
these data one can compute a aVOT value for each contrast by
calculating the difference between the boundary value and the
background. Adults showed a AVOT value that was, across all
contrasta, 20.1 msec less than the infants' &VOT wvalue. Thus,
the magnitude of VOT difference between the target and

background that was required to discriminate the target at the
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70.7% level was consistently greater for infants than for

adults.

-

—_—

The sVOT values shown in Table 3 illustrate several
impoartant points regarding the infants"® capacities to
discriminate differences in VOT. Note that infants tested on
the truncated series Iin the plus region of the VOT continuum
(backgrounds of +70, +50 and +20) showed aVOT values that were
very similar regardless of the initial target VOT value. The
corresponding sVOT values on the truncated series in the minus
reglon of the VOT continuum (backgrounds of -20, -50 and =70)
were slightly higher. In addition, for the two contraste with
background VOT wvalues of 0 msec, the &AVOT value in the minus
region of the VOT continuum was higher than in the plus region.
Finally, at background VOT wvalues of -70 and +70, the aVOT
values were higher on the full series than on the truncated
series. These findings imply that the initial contrast between
the background and the target influenced the decislon eriterion
used by the infant throughout the staircase testing session.
This context effect was also evident in the data from the
adults. Moreover, the adults, like the infants, showed slightly
higher AVOT values in the minus region of the VOT continuum than
in the plus region. Finally, the adults, but not the infants,
showed a trough in their aVOT values between backgrounds of 0

and +70 msec, indicating greater sensitivity to differences in
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this region. This enhanced sensitivity to VOT differences
corresponds closely to a region of the VOT continuum utilized by
English-speaking adults In making the phonemic distinction
between voiced and voiceless stop consonants.

The results from this £first experiment strongly suggest
that infants from an English-speaking environment are capable of
discriminating VOT differences that cross both the English adult
voicing boundary and the voiced-voiceless unaspirated boundary
employed phonemically in other languages such as Spanish and
Thai. 1In addition, the infants tested in our procedure appeared
to show less sensitivity to VOT differences that were located in
the minus region of the VOT continuum compared to equivalent VOT
differences located in the plus region. This differential
sensitivity mirrors the performance of adults tested under
identical experimental conditiens. Despite the simllarities
betwean the adult and infant data, it could be argqued that the
infant data were potentially confounded by the effecta of
teating VOT differences in the minus region after having tested
VOT differences in the plus region. The order of presentation
of VOT contrasts across sessions may have biased the infants to
attend primarily to wvoicing lags, and the repeated testing
sessions may have satiated the infants to the testing situation,
in general, and the visual reinforcer, in particular.

In an effort to provide a stronger test of the hypothesis
that infanta from an English-speaking environment are capable of
discriminating VOT contrasts in the minus region of the VOT

continuum, we conducted a second experiment with two additional
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groups of infants. Each infant was tested on only two VOT
ﬁ;riES: (1) the full -70 va, +70 msec series and (2) the =70
ve., 0O msec series ({both counterbalanced for background VOT
value). With the experimental conditions designed in this way,
infants should have been less influenced by the order of
presentation of the VOT contrasts. Moreover, with substantially

fewer VOT contrasts, requiring fewer testing asessions, the

infants should have become ldnu gatiated to the wvisual

reinforcer,

E:EErimint 2

Method

Subjects. A total of 33 infants ranging in age from 6 to
11.5 months participated in Experiment 2. Infants were cbtained
from birth announcements in the local newspaper as in Experiment
i I Seventeen infants were asslgned to the +70, -70 msec group
(background = -70 msec) and 16 infants to the =70, +70 msec
group {(background = 470 msec). Twenty-two of the 13 infants
completed the criterion testing phase and proceeded to the
staircase testing phase.

Stimuli. The stimuli used in Experiment 2 were the same
set of 15 synthetlie bilabial stop consonant-vowel syllables used

in Experiment 1.

Apparatus. The apparatus used in Experiment 2 was
identical to that described in Experiment 1 (see Figures 31 and
4).
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Procedure. The procedure used in Experiment 2 was
identical +to that used in Experiment 1 eXcept that only two VOT
series were tested with each infant. The infant was initially
assigned to one of the two full VOT series (-70 vs. +70 or +70
ve. -70). The infant proceeded through the shaping phase to
the criterion testing phase, which also employed an B0% correct
criterion as in Experiment 1. The staircase phase immediately
followed the criterion testing phase for all infants who had met
the B0% criterion. However, if the infant failed to provide 5
or & reversals in the staircase phase within the same session as
the criterion testing phase, they were not regquired to repeat
the criterion testing phase again before proceeding to the
staircase phase in +the next session. Those infants who
successfully completed 5 or 6 reversals in the staircase phase
returned for additional testing on a single truncated VOT
series. Infants assigned to the full series with =70 msec as
the background were subseguently tested on the 0 wvs. =70 msec
series, which also had a -70 msec background. Infants assigned
to the full series with +70 msec as the background were
subsegquently tested on the -70 wvs. 0 msec series, which had a
background of 0 msec. All infants were required to meet the BOR
correct response level during the criterion testing phase on the

truncated series (=70 ve. 0 or Q0 wg. =T70) bpefore proceeding to

the staircase testing phase.
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Results and Discussion

Twenty-two of the 33 infants met the B0%1 criterion on one
of the two full VOT series. The average number of sessions
required to meet this criterion was 2.2 {range: 1-4). Although
each of the 22 infants who met criterion was performing at the
B0% correct level at the end of the criterion testing phase
{i.e., the last 10 trials), it could be argued that their
overall performance in reaching this criterion may have been
below chance. To test this possibility, each infant's percent
correct was computed for all trials during the session in which
the criterion was met. This mean percent correct across all 22
infants was 79.2%, a wvalue that Is significantly above the
chance response level of 50% (t = 16.1, d4f = 21, p < .001).
Finally, the mean number of trials within the ecriterion testing
phase required to meet the BO% criterion was 15.9 (§.D. = 6.3).

Fifteen of the 22 infants who met the 801 criterion
completed the staircase testing phase on one of the two full VOT
series. Individual boundary valuea for these 15 infantas are
shown in Table 4. The mean boundary value was 20.4 mesec, a
value that is nearly identical to the 21.6 msec boundary
obtained earlier in Experiment 1. The average number of
sessions required to complete the staircase phase was 2.9

(range: 1-4).
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Twelve of the 15 infants who completed the stalrcase phase
on one of the full VOT series met the B80% criterlon on one of
the two truncated series located in the minus region of the VOT
continuem (-70 vs. O or 0 vs. =70). All three of the infants
who did not meet the BO% criterion were unable to return for
additional testing semslions, and thus were never actually tested
on either of the truncated series. All 12 infants who were
tested on the truncated series met the 80% criterion, and they
did a0 within an average of 1.8 additional sessions (range:
l=4), Again, for the session during which the B0% criterion was
met, the overall percent correct was 72.7%, a wvalue that 1=
significantly above the chance level of 50% (t = B.2, 4f = 11, p
< .001). Finally, the mean number of trials within the
ceriterion +testing phase required to meet the BO% criterion was
14.7 {8.D. = 5.8},

Six of the 12 infants who met the BOR criterion on one of
the truncated VOT series completed the stalrcase testing phase.
These data for individuval infants are shown in Table 5. In
addition teo these boundary wvaluea, AVOT values for each of the
four VOT contrasts are shown in Table 5. For comparison
purposes, the AVOT wvalues from Experiment 1 are also listed
here. Note that these AVOT values are very similar to those
obtained in Experiment 1, and that relatively large AVOT values
were evident for background VOT wvalues located in the minus
region of the VOT continuum (=70 meec). Despite the small
number of infants who completed the staircase phase on cnntrn;ta

in the minue region of the VOT continuum, the data from
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Experiments 1 and 2 provide very strong evidence that infants
from an English-speaking environment are capable of
discriminating VOT contrasts that do not cross the English adult
voicing boundary. Of particular importance is the finding from
Experiment 2 that all infants we tested met the BO% criterion on
the VOT contrasts in the minus reglon of the continuum, and that

their overall performance across all trials was significantly

above chance.
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Inaert Table 5 About Here
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General Discussion

The results of the present set of experiments not only add
to the existing literature on infants' discrimipnation of VOT,
particularly with regard to the performance of individual
infants, but they also offer the first demonstration that
infants from an English-speaking enviromnment can reliably and
consistently digcriminate a phonologically=-irrelevant VOT
contrast. What factors are responsible for the failure of other
investigators to show that infants from an English-speaking
anvironment can discriminate VOT contrasts in the minus region
of the VOT continuum? It appears that the acceptance of
categorical perception as a basic mechanism in both adults’' and
infants' processing of VOT differences has led to an examination

of wvery small VOT constrasts. The idealized wversion of

36



Discrimination of VOT Page 35

categorical perception implies that any VOT difference that
crosses the category boundary will be discriminated. However,
no study with adults has shown that observed perceptual
performance matches this idealized conception of categorical
perception. Discrimination 1is never perfect near the category
boundary, and, in fact, it rarely exceeds 90% correct for
contrasts as large as 20 msec. Given the rigorous task demands
confronting infants in speech perception experiments, as well as
the absence of any control over their attentive and motivational
states, one would not expect their performance to approach that
of adults. Thus, the robust evidence of VOT discrimination in
the plus region of the VOT continuum indicates*+a remarkable
sensitivity to this acoustic information even in infants. Andg,
the absence of robust evidence of VOT discrimination in the
minus region of the VOT continuum, at least in past studies,
indicates that the acoustic information contained in such
contrasts is less salient to both the infant and the adult. The
present study corroborates these earlier findings, but the
application of a more sensitive assessment technique provides
strong evidence that contrasts in the minus VOT region can be
discriminated reliably by prelinguistic infants.

We strongly suspect that the previous failures to find
reliable evidence of discrimination in the minus VOT region were
the result of two factors. First, the particular discriminative

testing procedures may have been less sensitive than the

adaptive testing methods we have used in the present

experiments. Second, the reliance on group analyses of
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discrimination in HAS, HR and previous operant headturning
experiments may hawve obscured reliable performances by
individual subjects. Moreover, the initial use of large VOT
differences in our experiments overcomes many of the problems
that may have suppressed the infant's performance, since the
acoustic information which the infant must selectively attend to
ig made more explicit. Often in experiments with adults, subtle
acoustiec differences hetween complex signals are not initially
detected. However, after a brief familiarization period, the
acoustic Cues may be isolated and excellent perceptual
sensitivities can be demonstrated (see Pisoni, Aslin, Perey and
Hennessy, MNote 3). A similar process most likely occurred for
the infants tested in the present study.

The generality of the present findings has been gquestioned
on several grounds (Eilers, Gavin and Wilson, 1980). First, it
has been suggested that demonstrations of unusual {i.e.,
non-phonemic) discrimination by a few selectively attentive
infants cannot refute alternative evidence of “typical" ({i.e.,
phonemic) discrimination by an unselected group of infants.
However, the resultsz of Experiment 2 leave little doubt that the
discrimination of non-phonemic VOT contrasts is in fact quite
representative rather than exXceptional. Although our results
suggest that VOT contrasts in the minus region of the VOT
continuum are more difficult to discriminate than comparable
differences 1in the plus region, all infants that we tested were
able to provide reliable evidence of discriminating the =70 wvs.

0 msec contrast. Moreover, the claim by Eilers and Gavin lin
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press) that use of a running criterion, such as our 80% correct
criterion, for each infant's preceding 10 trials, 1is not
statistically defensible was mitigated by showing that across
all trials in the process of meeting this 80% criterion the
per formance of the infants was significantly above chance (p <
.001).

Second, it has also been suggested that our .procedures,
which require an initial shaping phase and the use of a fairly
rigid criterion for accepting the hypothesis that individual
'infénts discriminated a VOT contrast, may have provided the
infant with sufficient listening experience to "have learned to
perceive non-native VOT contrasts" (Eilers, Gavin and Wilson,
1980, p. 117). Such a suggestion is not only unwarranted given
the robust nature of our findings, Dbut it raises important
interpretive and methodological questions. First, 1if infants
are so influenced by short-term experiences in a laboratory
setting, why are they not influenced by long-term linguistic
experience (several months) in a natural setting? One would
certainly anticipate that naturally occurring speech sounds
presented in a full communicative context would be more
influential to a phonetic processing mechanism than synthetic
speech presented during a Dbrief 1laboratory testing session.
Moreover, the non-correspondences between infant and adult VOT
sensitivities documented by Lasky, et al. (1975) and Streeter
(1976) argue against significant experiential influences
operating upon the infant's ability to discriminate VOT

differences prior to 6 months of age. Second, if one sacrifices
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methodological rigor in the testing of infants for purposes of
assessing "typicality”, then one is in essence abandoning the
psychophysical approach to the study of infant sensory and
perceptual abilitles, an approach that has been extremely
productive in areas other than speech perception (see Teller,
1979, for a recent review).

Eilers, Gavin and Wilson (1979) have also criticized the
earlier finding by Eimas (1975), who reported that infants
provided some evidence of discriminating a +10 ws. =70 contrast
between two aplcal stops. They claimed that “"this finding is
difficult to interpret since the B0 meec difference between the
members of the palr may be discriminable on irrelevant acoustic
grounds (e.g., on the basis of perceived loudness)" (p. 17). A
aimilar ecriticism could be raised concerning the present study
since we initially used large VOT contrasts. However, this
criticiam implies that when infants discriminate
phonemical ly-relevant contrasts, they are employing a phonetic
rather than an acoustic mode of analysis. Clearly, such an
implication is premature, particularly since there are several
instances of non-correspondence between infants' discrimination
performance and adulta' labeling data for synthetic speech
stimuli. A more parsimonious interpretation of all infant VOT
stodies to date is that all VOT contrasts are discriminated on
the basis of acoustic differences rather than according to a
phonetic mode of analysis. The phonetic-coding hypothesis
simply has not received any unegquivocal supporting evidence.

Evidence to support this hypothesls In infants would require the
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demonstration of a precise correspondence between the
discriminative performance of infants and the phonemic
categories employed in the infant's native language, a
prediction that is not supported by the available findings in
the literature.

The present results suggest that conceptions of speech
perception 1in infants should be altered to eliminate simplified
views of discrete perceptual categories. The discrimination of
VOT differences can be more fruitfully conceptualized according
to a sensitivity or AVOT function. Infants from an
English-speaking environment are less sensitive to VOT
differences in the minus region of the VOT continuum.
English-speaking adults are also less sensitive in this region
of the VOT continuum. However, both infants and adults from an
English-speaking environment are capable of discriminating VOT
differences in the minus VOT region at above chance levels.
Until detailed psychophysical studies are conducted on samples
of infants from language environments that do not employ minus
VOT contrasts phonemically; it will be impossible to determine
if the lower sensitivity in the minus VOT region is the result
of selective early linguistic experience (see Aslin and Pisoni,
1980b). Nevertheless, at the present time, the weight of the
evidence from infant and adult speech perception studies
suggests that the lower sensitivity in the minus region of the
VOT continuum 1is acoustically rather than phonetically based.
For example, Pisoni (1977) has shown that adults exhibit

categorical perception of pure tone nonspeech signals, and that
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those signals which are analogous to minus VOT stimuli are less
discriminable than are signals analogous to plus VOT stimuli.
In addition, Stevens and Klatt (1974) and Lisker (1978) have
correctly noted that syllable-initial stop consonants in the
plus region of the VOT continuum contain additional cues
(aspiration and absence of the Fl +transition) that provide
salient acoustic information not present in stops from the minus
region of the VOT continuum (see also Summerfield and Haggard,
1977 _

The AVOT results from the present study further suggest
that linguistic experience may operate to enhance the basic
sensitivity to VOT differences only at regions along the VOT
continuum that are used phonemically (see Aslin and Pisoni,

1980b). Whether the complementary process of attenuation of

sensitivity to VOT differences that are not used phonemically
also operates during the period of early 1linguistic experience
remains unclear at the present time. However, recent
experiments with adults (Pisoni, Aslin, Perey and Hennessy, Note
3) strongly suggest that the basic auditory capacities to
perceive phonemically-irrelevant VOT distinctions do not become
eliminated by lengthy periods during which the distinction was
not used contrastively in the productions heard by the
developing child. Rather, such distinctions can be
"reacquired", as evidenced by the accurate and reliable
discrimination and identification functions obtained from adults
after little or no training experience. It 1is the task of

future studies to more accurately delineate the processes by
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which gensitivity +to phonetic contrasts changes during the

period of early linguistic experience.

43



Discrimination of VOT Page 42

Reference Notes

1. Eimas, P. D. Infant speech perception: Issues and models.

Paper presented at the C.N.R.S. Conference, Paris, June, 1980,

2. Klatt, D. H. Analysis and synthesis of CV syllables in

English. Unpublished manuscript, M.I.T., 1978,

3. Pisoni, D. B., Aslin, R. N., Perey, A. J. and Hennessy,
B. L. Identification and discrimination of a new linguistic
contrast: Some effects of 1laboratory training on speech

perception. Submitted to Language and Speech (1980).

4. Aslin, R. N., Perey, A. J., Hennessy, B. L. and Pisoni,
D. B. Perceptual analysis of speech sounds by prelinguistic
infants: A first report. Paper presented at the 94th meeting

of the Acoustical Society of America, Miami, December, 1977.

44



Discrimination of VOT Page 43

References
Abramson, A. 8. and Lisker, L. Discriminability along the
voicing continuum: Cross language tests. Proceedings of

the 6th International Congress of Phonetic Sciences.

Prague: Academia, 1970.

Aslin, R. N. and Pisoni, D. B. Effects of early linguistic
experlence on speech discrimination by infants: A critique

of Eilers, Gavin and Wilson (1979). Child Development,

1980, 51, 107-112. (a)
Aslin, R. N. and Pisoni, D. B. Some developmehtal processes

in speech perception. In G. Yeni-Komshian, J. Kavanagh

and C. A. Ferguson (Eds.), Child Phonology: Perception
and Production. Volume TI. New York: Academic Press,
1980, (b)

Cutting, J. E. and Rosner, B. §S. Categories and boundaries

in speech and music., Perception and Psychophysics, 1974,

16, 564-570.

Cutting, J. E., Rosner, B. §S. and Foard, C. F. Perceptual
categories for music-like sounds: Iﬁplications for
theories of speech perception. Quarterly Journal of

Experimental Psychology, 1976, 28, 361-378.

Eilers, R. E. Infant speech perception: History and mystery.
In G. Yeni-Komshian, J. Kavanagh and C. A. Ferguson

(Eds.), Child Phonology: Perception and Production.

Volume I. New York: Academic Press, 1980.

45



Discrimination of VOT Page 44

Eilers, R. E. and Gavin, W. J. The evaluation of infant
speach perception skilla: Statistical techniques and
theory development. Inm R. Stark (Ed.), Language Behavior

in Infancy and Early Childhood. Hew York: Elsevier, in

press,

Eilers, R. E., Gavin, W. J. and Wilson, W. R. Linguistic
experience and phonemic perception in infancy: A

cross-linguistic study. Child Development, 1979, 50,
14-=18.

Eilers, R. E., Gavin, W. J. and Wilson, W. R. Effects of
early linguistic experlence on speech discrimination by

infants: A reply. Child Development, 1980, 51, 113-117.

Eilers, R. E., Wilson, W. R. and Moore, J. M. Speach
discrimination in the language-innocent and the
language=wise: B atudy in the perception of
voice-onset-time. Journal of Child Language, 1979, 6,
1-18.

Eimas, P. D. Avuditory and linguistic processing of cues for

place of articulation by infants. Perception and

Peychophysics, 1974, LE, 513=-521,

Eimas, P. D. Auditory and phonetie cndiné of the cues for
speech: Discrimination of the [r-1)] distinction by young
infants. Perception and Psychophysics, 1975, 18, 341-347,
(a)

46



Discrimination of VOT Page 45

Eimas, P. D. Speech perception in early infancy. In L. B.

Cohen and P. Salapatek (Eds.), Infant Perceptioh: From

Sensation to Cognition. Volume II. New York: Academic

Press, 1975. (b)
Eimas, P. D. Developmental aspects of speech perception. In
R. Held, H. Leibowitz and H. L. Teuber (Eds.), Handbook

of Sensory Physiology. Volume VIII. New York:

Springer-Verlag, 1978,

Eimas, P. D. and Miller, J} L. Contextual effects in infant
speech perception. Science, 1980, 209, 1140-1141.

Eimas, P. D., Siqueland, E. R., Jusczyk, P. W. and Vigorito,
J. Speech perception in infants. Science, 1971, 171,
303-306. |

Eimas, P. D. and Tartter, V. -C. On the development of speech
perception: Mechanisms and analogiés. In H. W. Reese

and L. P. Lipsitt (Eds.), Advances in Child Development

and Behavior. Volume 13. New York: Academic Press, 1979.

Fellows, B. J. Chance stimulus sequences for discrimination

tasks. Psychological Bulletin, 1967, 67, 87-92.

Fodor, J. A., Garrett, M. PF. and Brill, S. L. Pi ka pu:
The perception of speech sounds by prelinguistic infants.

Perception and Psychophysics, 1975, 18, 74-78,

Jusczyk, P. W. Infant speech perception: A critical
appraisal. In P. D. Eimas and J. L. Miller (Eds.),
Perspectives on the study of speech. Hillsdale, N. J.:

Lawrence Erlbaum Associates, 1980.

47



Discrimination of VOT

Page 46

Juscezyk, P. W., Rosner, B. 5., Cutting, J. E., Foard, C. F.
and 8Smith, L. B, Categorical perception of nonspeech
sounds by 2=month-old infants. Perception and

Psychophysics, 1977, 21, 50-54,

Jusczyk, P. W., Pisoni, D. B., Walley, A. and Murray, J.
Discrimination of relative onset time of two-component

tones by infants. Journal of the Acoustical Society of

America, 1980, &7, 262-270.
Kewley-Port, D. KLTEXC: Executive program to implement the

KLATT =software speech synthesizer. In Research on Speech

Perception: Progress Report No. 4. Bloomington, Indiana:

Indiana University, 1978.
Klatt, D. H. Software for A Cascade/Parallel formant

synthesizer. Journal of the Acoustical Society of America,

1980, 67, 971-995.

Kuhl, P. K. Speech perception 1in early infancy: The
acquisition of speech-sound categories. In S. K. Hirsh,
D. H. Eldredge, I. J. Hirah and S. R. Silverman

(Eds.), Hearing and Davis: Essays Honoring skerHallowell

Davis., 8t. Louis: Washington University Press, 1976,
Kuhl, P. K. Predispositions for the perception of speech-sound
categories: A specles-specific phenomenon? 1In F. Minifie

and L. Lloyd (BEds.), Communicative and Cognitive

Abilities: Early behavioral assessment . Baltimore:

University Park Press, 1978.

a8



Discrimination of VOT Page 47

Kuhl, P. K. Perceptual constancy for speech-sound categories,.
In G. Yeni-Komshian, J. Kavanagh and C. A. Ferguson

(Eds.), Child Phonology: Perception and Production.

Volume I. New York: Academic Press, 1980.

Kuhl, P. K. and Miller, J. D. Speech perception by the
chinchilla: Voiced-voiceless distinction in
alveclar-plosive consonants. Science, 1975, 190, 69-72.

Kuhl, P, K. and Miller, J. D. Speech perception by the
chinchilla: Identification functions for synthetic VOT

stimuli. Journal of the Acoustical Society of BAmerica,

1978, 63, 905-917,.
Lasky, R. E., Syrdal-Lasky, A. and Klein, R. E. voT
discrimination by four and six and a half month old infants

from Spanish environments. Journal of Experimental Child

Psychology, 1975, 20, 215-225,

Levitt, H. Transformed up-down methods 1in psychoacoustics.

Journal of the Acoustical Society of America, 1970, 49,

467-477.

Lisker, L. In qualified defense of VOT. Language and Speech,

1978, 21, 375-383.

Lisker, L. and Abramson, A. §. A cross language study of

voicing in initial stops: Acoustical measurements. Word,

1964, 20, 384-422.
Lisker, L. and Abramson, A. 5. The voicing dimension: Some

experiments 1in comparative phonetics. Proceedings of the

6th International Congress of Phonetic Sciences. Prague,

1967.

49



Diserimination of VOT Page 48

Miller, J. D., Wier, L., Pastore, R., Kelly, W. and Dooling,

K. Tiscrimination and labeling of noise-burzz seguences

with varying noise-lead times: An example of categorical

perception. Journal of the Acoustical Society of America,
1976, 60, 410-417.

Miller, J. L. and BEimas, P. D. Organization in infant speech
perception. Canadian Journal of Psychology., 1979, 33,
3153-367.

Morse, P. A, Infant speech perception: Origins, processes and

alpha centauri. In F. Minifie and L. Lloyd (Eds.),

Communicative and cognitive abilities: Early behavioral

assessment. Baltimore: University Park Press, 1978.

Morse, P. A. The infancy of infant speech perception: The

first decade of research. Brain, Behavior and Evolution,

1979, 16, 351-373.
Morse, P. A. and Snowden, C. T, An investigation of
categorical speech discrimination by rhesus monkeys.

Perception and Psychophysics, 1975, 17, 9-16.

Pisoni, D. B. Auditory short-term memory and vowel perception.

Memory and Cognition, 1975, 3, 7-18.

Pimoni, D. B. Identification and discriminatlon of the

relative onset time of two-component tones: Implications

for voicing perception in stops. Journal of the Acoustical

Society of America, 1977, 61, 1352-136l.
Stevens, K. N. and Klatt, D. H. Role of formant transitions

in the voiced-voiceless distinction for stops. Journal of

the Acoustical Society of America, 1974, 35, 653-659.

50



.

Discrimination of vVoT Page 49

Stevensg, K. H®., Liberman., A. M.. Studdert-Kennedy, M. and

Ohman, 8. E. G. Cross language study of vowel

perception. Language and Speech, 1969, 12, 1-23,

Streeter, L. A. Language perception of 2-month-old infants
shows effects of both innate mechanisms and experience.
Nature, 1976, 259, 39-41.

Studdert-Kennedy, M., Liberman, A. M., Harris, K. 8. and
Cooper, F. S. Motor theory of speech perception: A reply

to Lane's critical review. Pasychological Review, 1970, 77,
234-249,

Summerfield, Q. and Haggard, M. On the dissoclation of
spectral and temporal cues to the voicing distinction in

initial satop consonants. Journal of the Acoustical Society

of America, 1977, 62, 435-448,
Trehub, S. E. Reflections on the development of apeech

perception. Canadian Journal of Psychology, 1979, 13,
368-1381.

Waters, R. S. and Wilson, W. A. Speech perception by rhesus
monkeys: The voicing distinction in synthesized labial and

velar stop consonants. Perception and Psychophysics, 1976,

19, 285-289.

Williams, L. The perceptlion of stop consonant voicing by

Spanish-Engllish bilinguals. Perception and Psychophysics,
1977, 21, 289-297,

51



Discrimination of VOT Page 50

Wilson, W. R. Behavioral assessment of auditory function in
infants. In F. Minifie and L. Lloyd (Eds.),

Communicative and Cognitive Abilities: Early Behavioral

Assessment. Baltimore: University Park Press, 1978,

b



Discrimination of VOT Page 51

Acknowl edgement

This research was supported by research grants from NIH

(HD=11915 and NS-12179) and NIMH (MH-24027 and MH-30424). The
first author was also supported by an NICHHD Research Career
Development Award (HD-00309). An earlier version of Experiment
1 was presented at the biennial meeting of the BSoclety for
Research in Child Development, San Francisco, March, 1979, We
thank Jerry €. Forshee and David Link for their technical
assistance, Diane Kewley-Port for assisting in the synthesis of
the speech stimuli, Wendy Crawford and Xathy Mitchell for
erganlzing and implementing the data collection process, and
Nancy Layman for manuscript preparation. Address  reprint
requests to R. N. Aslin or D. B. Pisoni, Department of
Peychology, Indiana University, Bloomington, Indiana 47405. o
Beth Hennessy is now at the Institute of Child Development,

University of Minnesota.

53



Discrimination of VOT Page 52
Footnotes

1. VOT refers to the delay between release from stop. closure
and the onset of laryngeal pulsing (voicing). 1In synthetic
consonant-vowel (CV) syllables, VOT is realized acoustically by
varying the delay between the onset of energy in the first

formant and higher formants and the presence of aspiration noise

during this interwval.

2. Studies of speech sound identification have been attempted
by Aslin, Pisoni, Hennessy and Perey (Note 4), Fodor, Garrett
and Brill (1975) and Kuhl (1976, 1980), but the tasks developed
to date for use with infants have not yet generated data that

are directly comparable to adult identification data.

3. Lisker and Abramson (1964) in their cross-language study of
voicing in 11 different languages noted that the majority of
languages employ one or two contrasts in voicing with boundaries
in two regions: a voiced-voiceless unaspirated boundary near
~-20 msec VOT and a voiceless unaspriated-voiceless aspirated
boundary near +20 msec VOT. Thus, every language studied
employed at least one voicing contrast characterized by leading,

short lag, or long lag VOT values in consonant-vowel syllables.
4. oOur use of the term phonetic-coding is based upon the

conclusions and interpretations offered by several researchers

in the infant and adult speech perception areas. Eimas (1974,
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1975a), for example, has claimed that "the sounds of speech
would appear to undergo some additional, specialized processing
that permita the extraction of distinctive phonetic features"”
(1974, p. 513), and "There is now considerable experimental
evidence indicating that very young, prearticulate infants are

able to use a phonetic code in perceiving speech® (1975a, p.
341).,

3. Of course, the shift in the region of peak voT
discriminability ecould simply reflect modifications in some
paychophysical aspect of auditory perception that does not
involve a subsequent interpretive level of analysis entailing

the phonetic coding of these signals as speech sounds.

6. This attrition rate of 45% compares favorably to other
methods used in testing speech discrimination with infants such
as high amplitude sucking and heart rate. Although othaer
investigators (Eilers, Wilson and Moore, 1978; Eilers, Gavin
and Wilson, 1979; Kuhl, 1980) have reported virtuvally no drop
out in their studies using the headturning technique, they have
typically employed only a very small number of trials (6 or B8)
or "easily®™ discriminable wvowel contrasts. In contrast, our
procedure uses a more extensive shaping phase to ensure that the
headturning response 1is under stimulus control before actual
data are collected. The reliability of the observer during the
shaping phase was indicated by the low (12%) drop out rate for

completing the criterion testing phase after proceeding from the
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shaping phase.

7. Mean boundary values in the plus VOT region included the six
contrasts that straddled the +20 msec VOT value (-70 vs. +70, O
ve. +70, =20 va. +50, +70 ve. 0O, +50 vs. =20 and +70 wva.
=70 maec). Mean boundary wvalues in the minus VOT region
included the remaining four contrasts that straddled the -20
msec VOT value (-50 va. +20, -70 va. 0, +20 vs. =50 and 0 vs.
=70). The overall similarity between infante and adults in
their mean boundary values for the plus and minus VOT regions is
clearly misleading, since the variance in the boundary wvalues

contributing to these means is gquite large.
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Table 1

Staircase boundary values for individual infants tested

on the two truncated series in the plus VOT region.

Target Background Subject Session Boundary

+70 0 052 5 +26
065 3 +45

068 5 +35

070 4 +26

072 5 +45

075 3 + 9

078 4 +22

0 +70 020 6 +30
037 3 +25

044 3 +35

071 3 +28

+50 -20 075 4 +14
101 4 +37

102 3 +16

-20 450 020 11 -7
037 14 -7

071 6 +15

109 4 +19
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Table 2

Page

Staircase boundary values for individual infants tested

on the two truncated series in the minus VOT region.

Target Background Subject Session Boundary
+20 -50 052 7 + 5
070 5 +14
072 6 +12
078 o +13
-50 +20 020 10 -42
037 13 + 4
044 9 -38
071 5 -21
0 -70 075 5 -5

-70 : 0 071 7 —267

081 5 -65

S8
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Table 3

Mean boundary values and AVOT values for infants and adults.

Boundary AVOT

Target Background Infant Adult Infant adult
-70 +70 12.0 (12) 33.6 {10) 58.0 36.4
0 +70 29.5 (4) 42,9 (10) 40.5 27.1
~20 +50 4.9 (4) 33.2 (10) 45.1 16.8
-50 +20 ~24.3 (4) 2.8 (10) 44.3 17.2
-70 0 -45.5 (2) -42.3 (9) 45.5 42.3
+70 0 29.6 (7) 17.2 (10) 29.6 17.2
+50 -20 22.3 (3) 9.6 (10) 42.3 29.6
+20 -50 11.1 (4) -8.9 (10) 6l1.1 41.1
0 =70 -5.0 (1) -44.8 (9) 65.0 25,2
+70 -70 29.3 (15) 7.4 (10) 99.3 77.4

Numbers in parentheses indicate the number of subjects per

condition.
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Staircase boundary values for individual infants

Table i

tested on the full VOT series.

Target Background Subject Session
=70 +70 a2 a
05 2
o8 2
o9 3
10 4
12 1
26 4
28 4
33 4
+70 =T0 11 1
13 4
22 4
24 2
29 3
30 3

G

Bnundnrz
+28

+40
+32
- B
+20
+14

+18

+10
420

+36

+26
+60

+36
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Table 5§

Page

Staircase boundary values for individual infants tested

on the truncated YOT seriea and mean AVOT values.

Target Background Subject Sesaion Boundary

=70 0 o8 3 =54

10 5 =51

26 6 -63

o =70 11 s -5

22 6 -6

24 4 -12

Target Background AVOT Exp. 2 AVOT Exp. 1
=70 +70 54.2 38.0
=70 0 56.0 45.5
+70 =70 97.3 99.13
0 =70 62.3 65.0
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Figure Captions

1. Labeling functions for synthetic bilabial stop
consonant-vowel syllables in voice-onset-time for groups of

English-, Thai=- and Spanish-speaking adults [redrawn from Lisker

and Abramson, 1967].

2. Broadband spectrograms of three test stimuli, -70, 0 and +70
msec, from the set of 15 synthetic consonant-vowel syllables

varying in voice-onset-time from =70 to +70 maec.

3. Schematic representation of the overall tesating environment
including the location of the parent, infant and assistant
within the sound-attenuated testing booth and the experimenter

who controlled the experiment from outside of the booth.

4. Illustration of the testing situation inside the
sound-attenuated booth showing the position of the parent,

infant and assistant with respect to the location of the speaker

and the visual reinforcer.

5. An example of an individual infant's responses during the
adaptive staircase testing phase on a specific VOT contrast.
Circles indicate test trials and squares indicate probe trials.
A plus (+) indicates a correct headturn response and a minus (-)

indicates the absence of a headturn.
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6. 1Individual boundary values obtained from the 27 infants
tested in the staircase phase on the full VOT series. Infants
in Group I were presented with a constant background stimulus
with a VOT value of -70 msec and a target stimulus whose VOT
value was shifted from +70 msec VOT in 20 msec steps toward the
background signal. Infants in Group II were tested underx
conditions identical to those in Group I except for the reversal

of the background and target VOT values.

7. Boundary values obtained from a single infant tested in five

sessions of the staircase phase on the- full VOT series

(background +70 msec) and the four truncated VOT sefries

(background +70, +50, 420 and 0 msec).
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ABSTRACT

Pure tone auditory thresholds for frequencies from .250
to B.0 kHz were obtained from human infants and adults for
both 1.0 and .5 sec tone durations. An adaptive staircase

(tracking) discrimination procedure was used in conjunction

with a go - no-go version of an operant head-turning
technique. Methods were devised for maintaining subjects
under stimulus control during threshold +testing. Overall,

infant thresholds  were 17-27 dB -higher than adult
thresholds. Adult audiograms were nearly flat between
frequencies of .500 and 8.0 kHz with sensitivity ranging
between 7 and 14 dB SPL. Infant thresholds were flat
between frequencies of .500 and 4.0 kHz, with sensitivity
ranging between 30 and 36 4dB SPL. For infants, the most
sensitive frequency was 8.0 kHz (25 dB SPL). Thresholds for
1.0 and .5 sec tones occurred within 5 dB of one another.
Both sensory and attentional mechanisms may contribute to
the observed diminished sensitivity of infants, relative to

adults.
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After a decade of infant apeech research, important
findings have emerged which are currently generating
theoretical inguiry into the mechanisms governing
phonological development (Aslin and Pisoni, 19%80; Walley,
Pisoni and Aslin, in press). For example, there s evidence
that infants can discriminate some “foreign" speech
contrastas which adults of the culture actually confuse
(Trehub, 1976). Such a finding suggests that adults may
lose a deqree of sensitivity present in infancy. Yet other
findings indicate that infants do not discriminate all the
contrasts present in the native adult culture (Lasky,
Syrdal-Lasky and Klein, 1975), arguing for some degree of

either maturation or learning entering the developmental

process,

However, before any definite theoretical conclusions
can be offered concerning the development of infant speech
discrimination, improved methods must be developed to
directly compare discrimination capacitieﬁ of infants and
adults. TIdeally, identical test procedures should be used
and identical threshold criteria should be applied to both
groups., 1t is dAifficult, if not impossible, to compare
discrimination thresholds in infants and adults when infants
are tested wlith sucking or heart rate techniques, and adults
are tested on ABX or oddity discrimination procedures. Yet
this has typically been the case in the infant speech
perception literature. {See discussion of this problem in

Jusczyk, Pisoni, Walley and Murray, 1980). Recently., the
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development of an operant head-turning technique (Wilson,
1978) has provided a testing procedure which can be applied
to infants and adults alike. In this procedure, a visual
reinforcement (e.g. an animated toy) s paired with an
avditory stimulus to be discriminated, and anticipatory

head-turns by the subject to the stimulus alone are taken as

an index of discrimination.

Using a go = no-go version of the head-turning
technique, Aslin, Pisoni, Hennessey and Perey (Note 1) have
made direct comparisons between infants and adults in speech
discrimination capacities. Subjects listened to a repeating
background stimulus representing one end of the
voice-onset-time (VOT) continuum. They were then trained to
make a head-turn response when the background changed to a
gtimulus from the opposite end of the continuum. When
subjects had reached a criterion of »B0% correct in a
sequence of ¢trlals with randomly interleaved change and
catch trials, VOT wvalues between the end-points of the
continuum were then presented for discriminatlon. An
adaptive stalrcase (tracking) method was used based on
earlier work of Levitt (1971). Staircase trials were
presented according to a two-up, one-down algorithm, which
specified that thresholds would converge upon the 70%
detection point of the psychometric function. Checks on the
infants’ attentional state were made by objectively
inserting “probe" trials, consisting of a maximum VOT

difference, if two consecutive misses occurred in staircase
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trials. Results showed that infants were sensitive to
"phoneme boundaries" in both the prevoiced and voiceless
regions of the continuum. Overall, however, infants were
not as sensitive as adults to changes in VOT. Although
delta-VOT thresholds varied somewhat for different regions
of the continuum, adult thresholds averaged about 33 msec,

while infant thresholds averaged about 53 msec.

A second methodology for making direct comparisons of
infant and adult sensitivity has been recently developed by
Trehub, Schneider and Endman (1980). These authors employed
a go-right - go-left version of the head-turning technique
to obtain absolute auditory thresholds for octave band
noises. Subjects were reinforced for making appropriate
head-turns to the right or lef£ in response to stimuli
randomly presented from either a right or left speaker.
Such a forced-choice procedure allowed the auditory stimuli
to remain on indefinitely, and did away with the need for
catch trials. Stimuli were presented according to £he
method of constant stimuli, and fairly complete psychometric
functions were obtained from infants and adults alike.
However, since many infant functions never reached 100%
correct detection for suprathreshold stimuli, the authors
considered a lower value on the functions (65%) to represent
infant thresholds, while the more conventional value of 75%
was retained for adults. Usiﬁg these analyses, infant
thresholds were reported to be 20 - 30 dB higher than adults

for frequencies below 4.0 kHz, but at higher frequencies
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{10.0 kHz) infant sensitivity approached that of adults.

As this previous study verifies, experimenters are
sometimes reluctant to apply identical threshold criteria to
infants and adults, primarily because the human infant often
hae a tendency to resist all efforts to be brought under a
reliable degree of stimulus control. Lapses of attention
are common during testing. Yet, if wvalid sensory
comparisons are to be made between infants and adults (as
wall as animals), behavioral technigques must be developed
which will allow identical threshold criteria to be applied
to all subjects. The present experiment represents another
step in the evolution of the operant head turning technigue,
based primarily on the go - no-go procedure and staircase
method of Aslin et al. (Hote 1). Modifications were
included relating to: a new method of assessing stimulus
control during threshold testing: a more automated method
of shaping: and a method of “punishing® false alarms.
Uling this procedure, infants and adults were directly
compared in absolute auditory sensitivity to pure tone
stimuli and identical threshold criteria were applied to
both groups.

METHODS

Subjects

Subjects were 27 infants aged 7.2 - 11 months. Elaven
were male and 16 were female. Three of these infante were

naive, and the other 24 had had from 3 to 5 sessions of
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previous testing experience in speech discrimination
experiments. Seven infants had successfully completed
testing 1in these experiments, and 17 had not. In assigning
infants to the present experiment, no attempts were made to
differentiate between those who had successfully completed
the speech experiments and those who had not. All infants
appeared in good health on test days. Infant's parents were
paid $3 per visit to the laboratory. Adult subjects were 8
females and 1 male in their early twenties. All were
students and/or assistants in the Infant Perception
Laboratory at Indiéna University, and volunteered their

services. None reported any hearing difficulties at the

time of testing.

Stimuli

Stimuli were sine wave tones of .250, .500, 1.0, 2.0,
4.0 and 8.0 kHz that were generated digitally on a PDP 11/34
computer by means of a specially designed software package
(Kewley-Port, 1976). All tones had rise-fall times of 20
msec. Tones from .250 - 4.0 kHz were synthesized at a rate
of 10.0 kHz, and during presentation were low-pass filtered
at 4.8 kHz. The 8.0 kHz tone was synthesized at a rate of
20 kHz and presented through a 10.0 kHz low-pass filter.
Two sets of tones were constructed, differing in ‘duration.
One set consisted of 1.0 sec tones from .250 - 4.0 kHz. The

other set consisted of .5 sec tones from .500 - 8.0 kHz.
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Apparatus

Digitized waveforms were permanently stored on disk and
during the experiment they were transferred to the computer
memory where they were accessable for on-line read out via a
12-bit D—-to-A converter. The signals were then filtered,
passed through a programmable digital attenuator {for
on-line control), a manual attenuator, audio amplifier and

loudspeaker (Radio Shack, No. 40-1980aA), located inside the
test booth.

A diagram of the testing area and arrangement of the

apparatus is shown in Figure 1.

. s . S e

Sessions were conducted inside a single-walled (2m x 2m)
sound attenuvation chamber (IAC No. 402). In one COrner was
a chair for the parent and infant. Directly in front of
this was a chair for the booth assistant and a table with
toys. Underneath the table was a cassette tape recorder
with two sets of headphones which provided masking music to
the parent and assistant during all test sessions. Directly
above the table was a closed-circuit TV camera which was
focussed on the infant. To the left of the infant were the
speaker and two visual reinforcers, one on top of the other,
both enclosed in smoked plexiglass boxes so that they could

not be seen until the lights within were illuminated. One
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toy was a bear which beat a drum, and the other was a monkey
which clapped its Thanda. Either reinforcer could be

activiated via computer control. An inside view of the test

booth in shown in Figure 2.

Insert Figure 2 about here

Outside the booth was a chair for the experimenter (E)
and a table holding the TV monitor and the response box,
which contained buttons which were sensed by the computer as
input events to the threshold program. To E's left was a
computer terminal which presented, after each completed
trial, a record of the progress of the experiment, including
trial number, intertrial interval duration, stimulus
attenuvation, response latency and occurrence of reversals
during threshold testing. This informatlon was also stored
permanently on disk. The computer, which was located in an
adjacent room, controlled all the experimental contingencies

and recorded all the data.

Calibration

Calibratlon of the sound pressure level of the stimuli
was accomplished with a General Radio meter (Type 1551-A, C
scale), equipped with a circular rochelle salt crystal
microphone (No. 9898). The meter was placed on the parent
seat 80 that the microphone was pointed horlzontally towards

the speaker at the approximate position of the infant's
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head. While reading the meter E sat in the assistant'a
seat. Six measurements were made approximately 2" apart in
the general vicinity of the infant's head poaition, one
measurement at right and left, front and back, and above and

below center head position. The measurements are summarized

in Table 1 for each of the six test frequencles.

e e B T

These measurements were made at 10 dB above the maximum
level of the stimuli used during testing. The measurements
were also verified on a daily baais with a portable Triplett
Sound Level Meter (No. 370). The measurements from the
Triplett never varied from those of the General Radio by
more than 4 dB. For the final calibration, measurements

from the General Radio meter alone were used.

Procedure

Each infant mubiect wam seated on the parent's lap
while the booth asslstant played with toys to attract the
infant's attention and maintain his/her gaze in a forward
position. Adult subjects sat alone in the booth in the
parent seat and assumed a slightly slouched position so that
their head position approximated that of the infants, when
viewed through the TV monitor. E viewed the subject (S)
through the monitor and operated the response box which had

three function buttons and two feedback lights. Button 1
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was pressed by E to present trials to S. Button 2 was
pressed whenever S made a head-turn. Button 3 was an abort
button and was pressed only under unusual circumstances, for
example to terminate a session if an infant began to cry.
Light 1 was situated directly above button 1 and informed E
when the program would allow trials to be initiated. Light
2 was. located above button 2 and indicated when the program

was delivering reinforcement to S.

The computer program which controlled the experimental

contingencies consisted of a sequence of four states:

1) Intertrial interval: this state was normally of
variable duration (10-15 sec). All lights on E's box were
off. Button 1 was inoperative and E could not initiate
trials. The purpose of this interval was to limit the rate
at which E could present trials to S. 1Its variable duration
ensured that E would not inadvertently provide timing cues
to S during trial presentation. Button 2 was operative and
each head-turn (false alarm) by S was recorded. Each

head-turn response reset the intertrial interval to a

maximum duration of 15 sec.

2) Observation interval: this state followed the
intertrial interval and was of indeterminate length. During
this state light 1 flashed at a rate of 5 Hz. Button 1 was
operative and, if S was in a "ready" state, e.é. calm and
maintaining a forward gaze, E pressed button 1 and the

program presented a trial (see 3 Dbelow). During the
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ocbgervation interval button 2 was operative and any
head-turne by S prior to trial presentation (false alarms])
returned § to the intertrial interval, which was reset to

its maximum duration of 15 sec.

3) Trial interval: this state lasted for 3 sec and was
cued by light 1 which assumed steady illumination for the
duration of the trial. A 1.0 sec {or .5 gec) tone was
followed by 2.0 sec ({(or 2.5 sec) of additional response
time. Button 2 was operative and if a head-turn was
recorded, the program proceeded to the reinforcement state
(see 4)., If no head-turn occurred, the program returned to

the intertrial interval for another trial sequence.

4) Reinforcement state: this state lasted a total of 13
sec and was indicated by the illumination of light 2. The
reinforcer inside the booth was activated and illuminated
for 8 to view. Following this state, the program returned

to the intertrial interval for another trial seguence.

These four basic states were wsed in the construction of

two separate subrootines, which were distinguished on the

basis of the types of trials which were presented.

Shaping routine: the purpose of the shaping routine
was to train a naive infant 5 to turn hia!ﬁar head to the
toneg stimulus, or, in the case of a trained 5, to ensures
that he/she had not forgotten previous training at the

beginning of an experimental session. All experiments began
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with the shaping routine, which presented two types of
trials: 1) Probe trials - which presented suprathreshold
tones, initially set to be 10 4B below the values presented
in Table 1; and 2) Shaping trials - which were similar to
probe trials eXcept that the reinforcement was programmed to

activate automatically at the termination of the 1.0 sec

tone.

The shaping routine always began with the presentation
of a probe trial. 1If the initial probe was not responded
to, as was usually the casme with a naive 5, then the
following trial sequence presented a shaping trial, in which
the reinforcement occurred automatically. Wormally, all B8s
responded with a head=-turn on a shaping trial. If S5 did
not, shaping trials were presented repeatedly until a head
turn response occurred. When this happened, the following
trial sequence then presented a probe trlal. The program
recycled in this manner until two consecutive probe tones
were responded to, at which point S8 entered the testing
routine (see below). It should be noted that Ss who were
already trained (as well as adults) received no shaping
trials, since they would invariably respond to the first two
probe trials and thus enter testing almost immedjiately. A

state diagram of the shaping routine is shown in Figure 3

(top panel).

i — ey e

Ineert Figure 3 about here
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Testing routine: When S had responded to two
successive probe trials in the sghaping routine, he/she
entered the testing routine. Here, three types of trials
were presented: 1) test +trials, 2) catch trials and 3)
probe trials. For every sequence of eight trials, there
were always four test trials, two probe trials and two catch
trials. Their exact order of occurrence was randomly
permuted after every sequence of eight, so that E was always

blind as to what type of trial was being presented at any
time,

Test trials presented tones according to an adaptive
staircase (tracking) procedure. The firat test tone was
always presented at the same intensity level as the initial
probe tones. Each test tone responded to caused the next
scheduled test tone to be decremented by 10 dB. Each missed
test tone caused the next one to be incremented by 10 dB.
This one-up, one-down algorithm specified that the obtained
threshold would converge on the 50% detection point of the

psychometric function.

Catch trials were of equal duration (3.0 sec] as test
trials, and the programmable attenuator was set to its
maximum level (-127 AB) such that no tone was audible. If a
head-turn occurred (false alarm), 5 was returned to the
intertrial interval which was set to its maximum duration of
15 seec. If 8 did not respond to the catch trial (correct

rejection), the immediately following intertrial interwval
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was ast o a minimal value of 1.0 sec. This allowed another
trial to be initiated almost immediately and thus ensured

that Llong perioda of time without audible signals would not

occur during testing.

Probe trials presented suprathreshold stimuli and were
similar ¢to probe trials presented during shaping. However,
during testing the intensity level of the probe tones was
determined by §'s prior response to test tones: probes were
always set to be 20 AB above the last test tone correctly
responded to, For example, if S had responded to a test
tone of =40 4B, and then missed one at =50 d4dB, the next
scheduled probe tone would be presented at a level of -20
dB, However, probe intensity levels could never exceed the
initial intensity level used in shaping. A state diagram of

the testing routine is shown in Figure 3 (bottom panel).

If 5§ missed a probe trial during testing, further
testing was discontinued and § was returned to the shaping
routine. HNormal shaping contingencies were in effect except
for the following changes: the reinforcement was changed
from bear to monkey or vice versa, and the probe tones were
maintained at a level of 20 4B above the last test tone
responded to, Purthermore, if 5 then missed two consecutive
probes after re-—entering shaping, the sesslon was
automatically terminated. However, if two consecutive
probes were responded to after re-entering shaping, 5 would

re-enter testing and continue where he/she left off. If a
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second probe was missed during testing, the session was
automatically terminated. In both of these cases, missed

probes were taken as an indication that the infant was no

longer operating under a reliable degqree of atimulus

control.

The experiment was also terminated automatically after
six response reversals were obtained in the test trialas. A
threshold was calculated by averaging the a8ix reversal
points (Levitt, 1971). A threshold was considered valid if
no more than one catch trial had been responded to, and no
more than one probe trial had been missed during testing.
Typically, four to six probe and catch trials occurred in a
seasion. Therefore, a mistake on a single probe or catch

trial would result in an error rate of 25% or less for these

trials.

Infants and adults were tested in weekly sessions. Ho
attempt was made to specify the order in which the various
frequencies were tested, This was essentially random since
a different frequency was tested each week and all subjects
who were available for testing were presented with that
frequency. Adults were tested for 5-10 sessions, and
infants were tested for 3-12 sessions. Originally we
planned to teat all infants for at least four sessions, but
three infants whose parents did not wish to continue were
only teated for three seasions. After four sessions of

testing, infants were not tested further if two consecutive
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sessions occurred with terminations because of missed probe
trials. Infants began a session with an alternate
reinforcer each week. Of the 27 infant subjects, 16 were
tested on 1.0 sec tones only. Eleven were tested with 1.0
sec tones and then transferred to .5 sec tones. Of the
adults, 7 were tested with 1.0 sec tones, and three of these
were then retested with .5 sec tones. Two adults were
tested with .5 sec tones only.

RESULTS

Twenty-six out of 27 infants were successfully shaped
and entered into testing in their first experimental
session. One infant cried in his first session and  the
session was aborted prematurely. This same 1infant was
successfully shaped in his second session. The mean number
of trials spent in shaping before testing was initiated was
5.56, SD=4.25, Range = 2-21. It should be noted that the
majority of infants were not naive to the experimental
situation. For the three totally naive subjects (aged 6.7,
7.7, and 9.0 months), the number of shaping trials was 7, 21

and 4, respectively.

At least one session of wusable threshold data was
obtained from each infant tested. A record was set by one
female infant (LH) from whom 10 consecutive sessions of
usable data were obtained. Altogether, the 27 infants were
tested for a total of 154 sessions. 0f these, 91 were

successful in vyielding wusable data, that is, the infant
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missed no more than one probe trial and responded to no mora
than one catch trial during testing. Of these 91 usable
sessions, 38 were “perfect® gessions, with 100% probe
responses and O% catch trial responses. Thirty-one were
sessions with one catch trial response, and 12 sessions
contained a wsingle missed probe. Ten sessions contained
both a missed probe and a catch trial response. Forty-five
of the total 154 sessions did not yield usable data because
more than one probe was missed (resulting in automatic
termination), and 14 of the 154 sessions contained more than
one@ catch trial response. Four sessions were aborted
prematurely by E when the infant started to cry. Adult
subjects never missed probe stimoli. Only one adult

responded to a single catch trial during one test session.

Individual data

An example of a male infant's performance during the

shaping and testing routines is shown in Figure 4.
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This represents the subject's first session in the present
experiment. The subject began the session in the shaping
routine, and at trials €& and 7 he responded to two
consecutive probe trials and entered the testing routine at
trial 8. During testing, his threshold was tracked with the

one=up, one-down staircase algorithm wuntil & response
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reversals were obtained. Catch and probe trials were
randomly - interleaved with test trials. One catch trial was
responded to at trial 20. No probe trials were missed. His
reversal points were (in attenuation values): 60, 50, 70,
60, 70 and 60 dB. A threshold was calculated by averaging
the .6 reversals for a mean of -61.6 dB, or 12.7 dB SPL.

This subject was the most sensitive infant tested at 4.0

kHz.

Examples of individual pure-tone audiograms (thresholds
és a function of frequency) are shown in Figure 5, for one
éensitive adult (KD), one insensitive adult (éK), one
sensitive infant (LH), one moderately sensitivé infant (BH),

~and one insensitive infant (EG).

Also plotted for comparison purposes is the classic function
of Sivian and White (1933) for binaural mimimum audible
field data with single frequency tones (Group c),
transformed into dB re .0002 dynes per cm 2. The sensitive
adult overlapped the function of Siwvian and White, but Itﬁe
insensitive adult approached the function of the sensitive
infant. For both adults, no differences in sensitivity
appeared with 1.0 and .5 sec tones. The infant LH was

consisently 3-5 dB more sensitive with 1.0 sec than with .5

sec tones.
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Average data

Mean thresholds and standard deviations for 1.0 sec
toneas from 250 to 4.0 kKHz are shown in Table 28, for both

adults and infants.
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For infants, the mean probabilities of responding to probe
trials (P) and catch trials (C) are also shown. For each
freguency, infants responded to probe stimuli with a
probability of greater than .90, while for catch trials, the
probability was .10 or less. An additional analysis of the
infant threshold data was performed using only "perfect"
sessions (l100% probe responses and 0%  catch trial
respongses) . These thresholds d4id not differ by more than 5
dB from the analyses derived from all sessions. Average
infant and adult audiograms for 1.0 sec tones are displayed
graphically in Figure & (top panel).
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Both auvdiograms were flat from LE00 s 4.0 kHe, with
thresholds at .250 %kHz slightly elevated. The infant

audicogram was 21 to 27 dB higher than the adult.

Mean thresholds and standard deviations far .5 sec

tones  (.500 - B.0 kHz) are shown in Table 2B. Infant
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thresholds were 17-25 d4dB higher than those of adults.
Average audiograms are shown in Pigure 6 {(bottom panel).
Adult auvdiograms were flat from .500 to B.0 kHz, while
infants showed a slight increase in sensitivity at B.0 kHe,
relative to the other frequencies. B.0 kHz was the only
frequency tested in which the standard deviations of the
infant and adult populations overlapped slightly, since one
infant (LH) had a lower threshold (11 4B} than two of the
adults tested (14 and 16 dB).

DISCUSSION

Methodology

Infants inm the present experiment appeared to be
operating under a high degree of stimulus control during
threshold tracking, so that over 90% of the probe trials
waere responded to, and less than 10% of the catch trials
were responded to. Such results compare favorably with
stability criteria required from individual subjects in
animal psychophysical experiments ({e.q. Stebbins, 1970;
Sinnott, Beecher, Moody and Stebbins, 1976)., High false
alarm rates, resulting in unusable data, occurred primarily
in the initial sessions of testing. It is conceivable that
"punishing" false alarms by returing the infant to the
intertrial interval, and thus delaying further trial
presentation, may have had some effect in extinguishing this
behavior, This "timeout" strategy was borrowed directly

from animal psychophysics [(Stebbins, 1970).
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After the initial sessions, as false alarms declined,
it then Dbecame increasingly important to prevent the head
turn response from extinguishing. Loss of stimulus control
occurs frequently with animals on tracking procedures
(Stebbins, 1970; Harrison and Turnock, 1975). The strategy
of randomly interleaving suprathreshold probe stimuli with
test stimuli served +two purposes: first, these probe
stimuli provided infants, as well as adults, with more
salient ﬂiscriminatinns during difficult periods of tracking
stimuli near threshold. However, since probe stimuli were
never set to be more than 20 dB above +the test stimuli,
these discriminations were not so salient as to distract
subjects from making the more difficult ones. A second
function of the probe stimuli was to catch moments of infant
inattentiveness, after which an attempt was made to
recapture the infant by returing to the shaping routine. If
the infant had simply experienced a transitory lapse of
attention, for example, had gotten too involved with the
antics of the booth assistant (but was not permanently
satiated), then upon returing to shaping, the infant would
view the alternate reinforcer. The booth assistant would
view this as well, and would proceed to reduce her activity.
In 22 sessions, infants were successfully revived iﬁ this
way. On the other hand, if the infant was becoming
permanently satiated with both reinforcers, then "reshaping"
was to no avail and the infant would continue to disregard

probes, as well as shaping stimuli.
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One observation from the present experiment indicated
that infant inattentiveness to the stimuli was actually less
of a problem than false alarms. For example, if sesslons
are examined where infants made only one "mistake”, there
were actually more sessions with a catch trial response (31
sessiona) than with a missed probe (12 sessions). This
suggests that, at least before the point in time when the
infant becane permanently satiated with the reinforcer (and
had to be dropped from the experiment), temporary lapses of
attention occurring on a moment=to-moment bamis during

testing did not appear to be a major probem in this

experiment.

One final important aspect of the present methodology
was that it provided a totally objective oriteria for
terminating an experimental session. Infant studies in the
literature sometimes report that sessions were terminated
when infants began to fuss or not attend to the assistant
(e.g. Eilers, Gavin and Wilson, 1979). Allowing E to
decide to terminate a session could potentially lead to
experimenter bias, since some subjects might be terminated
and data not analysed, while others might be left in the
sesslon, but would not appear to be optimally sensitive. In
the present study, only four experimenter-induced
terminations took place and all were initiated when infants
began to cry. All other sessions were  automatically
terminated by the computer according to the ecriteria

outlined earlier in the procedures.
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Auditory sensitivity

The average audiogram obtained from adults in the
present study did not provide a good match to the classic
data of Sivian and White (1933). At 2.0 %kHz, our average
adult threshold was about 15 dB higher than that of Sivian
and White. The adult audiocgrams of the present study
appeared guite flat in the range from ,.500 - 8.0 kHz, while
the Sivian and White audiogram shows an increase in
sensitivity at 2.0 and 4.0 xHz,. There are a number of
obvious reasons for this mismatch. Sivian and White
conducted their studies in an anecheocic chamber which
provided complete sound isclation as well as reduced
acoustic refections. In contrast, our single-walled booth
was far from ideal and although every attempt was made to
reduce extraneous noise during testing, this was sometimes
impossible due to activity in neighboring rooms. Therefore,
we may have been measuring masked thresholds rather than
absolute threshoclds. Secondly, our calibrations may have
been slightly inaccurate., When SPL measurements were being
made, there was no adult sitting in the parent seat, since
the SPL meter had to be placed there. Therefore, higher
frequencies may have been refected differently in the
cal ibration and test situations. Finally, our adult
subjects were not repeatedly tested in an attempt to obtain
their most sensitive thresholds at each frequency. Since
this was not feasible with infants, we wished to maintain

both groups under testing conditions as comparable as
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possible.

The shapes of our audiograms are more similar to those
of Trehub et al. (1980), since these latter also appear
quite flat from .500 through 8.0 kHz. Overall, the subjects
in Trehub's experiment appear slightly more sensitive than
ours. One reason for this might ba that Trehub used octave
band noises which would be less susceptible to acoustic
reflections in the test chamber than the single £frequency
tones of the present study. Also, the forced-choice aspect
of the Trehub experiment allowed the stimuli to remain on
indefinitely until the subject responded. In the presant
study, stimulj were only 1.0 or .5 sec long and subjects

were allowed only three seconds to respond.

Mo indications of developmental changes in low
frequency sensitivity were found in the present study, as
Trehub et al. reported for thelr infant subjects. It is
possible that the age range covered by our subjects was not
large enough for such a trend to clearly emerge. Trehub
found the greatest difference in sensitivity between the
ages of 6 and 12 months. We did not test many infants less
than 7 months, or greater than 10 months of age. However,
the present study provides support for another finding of
Trehub that relates to the convergence of infant and adult
sensitivity as frequency was increased (see also Schneider,
Trehub and Bull, 1980). Whereas our adult audiogram was

flat from .500 - 8.0 kHez, our infant audicgram showed a
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slight increase in sensitivity at B.0 kHz, relative to the
other frequencies. 1t is conceivable that infants, with
this relative gain 4in high frequency sensitivity, may be
exhibiting a more “primitive™ characteristic of primate
hearing, according to the phylogenetic trends observed by
Masterton, Heffner and Ravizza [1969). These  authors
reported that, in the primate 1line leading to man, @.9.
from prosimians to monkeys to apes to man, there {is a

progressive loss in high freguency sensitivity.

We did not observe any reliable differences in auditory
sensitivity between infants who had successfully completed
the previous speech discrimination experiments and those who
had not. Although the infant wshown in Figure 4 had
successfully completed speech testing, another infant (not
shown) who had also completed went on to exhibit the highest
apditory thresholds obtained from any infant in the present
study (54 and 55 4B SPL at .250 and .500 kHz, respectively).
None of the infants shown in Figure 5 had completed the
speech experiments, including LH, the most sensitive infant.
In general, it appeared that many infants who did not
complete speech testing were subseguently able to complete
at least one or two sessions of pure tone threshold testing.
Thus, the present pure tone detection task may have involved
an overall esasier discrimination than the sapeech tasks.
Also, the methodological modifications in the pure tone
detection task may have aided in obtaining additional data
from infants who were unable to complete speech testing.
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Clearly, more research in this area is necessary. For
foture infant studies, we are considering a strategy of
"sereening” naive Infants with a pure tone detection task
before assigning them to a speech discrimination test. This
would serve to adapt the infants to the general auditory
teat sitvation as well as determine Lf their hearing was
within normal limits. Such a strategy might aid in reducing

the high attrition rates sometimes observed in infant speech
studies.

Infant ve. adult differences

It is of interest to consider possible hypotheses for
the diminished auditory sensitivity of infants, relative to
adults. First of all, it sghould be emphasized that reliable
infant "go" and "no-go" responses to probe and catch trials
(respectively) during threshold testing indicated that their
diminished sensitivity was not due to lapses of attention,
or loss of stimulus control (n general. Therefore, one
possibility is that there are real sensory differences
between infants and adults. Supporting this hypothesis is a
study by Suzukl and Taguchi (1968] in which cerebral evoked
potentials to avditory stimuli were recorded in a number of
infants, children and adults. Subjects were put to sleep by
sedation and presented with free-fleld stimuli in a
soundproof room. Threshold data indicated that, with a
stimulus consisting of 1.2 kHz tone pips presented at a

level of 30 4B SPL, 80% of the adults exhibited an evoked
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response. However, only 67% of the children (1-5 yéars of
age) responded, and only 50% of the infants (.5 - 3 months
of age) responded. Furthermore, adult evoked responses were
of the order of 32 microvolts, while the infant and child
responses were only 22-26 microvolts. On the basis of these
data, the authors concluded that infants required a stimulus
roughly 20 dB more intense than adults for eliciting a

response of equivalent amplitude.

A second possibility is that threshold differences
between infants and adults in the present study were related
to differing attentional mechanisms elicited by the test
situation. One important difference between infants and
aaults was that the adults were presumably selectively
attending to the auditory stimuli. For them, the situation
was akin to a vigilance task where they had nothing much to
do except wait for tone presentations. 1In contrast, the
infants were being wvisually entertained during threshold
testing. Infants therefore may have been in a situation
demanding divided attention between the visual and auditory
stimulation. One classic theory of human selective
attention maintained that unattended stimuli were somehow
"attenuated" relative to attended stimuli (Treisman, 1964).
(For a recent review considering evidence for human
per formance decrements during tasks requiring divided

attention, see Navon and Gopher, 1979).
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Implications and conclusions

Differences in sensory and/or attentional mechanisms
between infants and adults affecting basic auditery acuity
may contribute to differences observed between these groups
in speech discrimination (Aslin et al., Note 1). Therefore,
one implication of the present study is that hearing
sensation levels for infants in psychophysical, as well as
speach experiments should be set approximately 20 dB above
those of adults. In general, it is also clear that much
data is needed concerning the more basic auditory-sensory
capacities of infants. This is particularly important now
that studies of adult speech perception are implicating
psychophysical mechaniams {Pisoni, 1978: Stevens and

Blumstein, 1978).

So far, speculations as to mechanisms of infant speech
perception have included both "phonetic feature detectors”
{(Eimas, 1978) and “general wmammalian mechanisma"” (Kuhl,
1979). The former view maintains that Infants process
phonetic units in a manner similar to adults, while the
latter view argues that infant processing is similar to that
of a chinchilla or monkey. Both of these theoretical wviews
emerged in the complete absence of any precise, guantitative
data based on direct auditory=-sensory=-threshold comparisons
between infants and adults or animals. We are optimistic
that the use of the operant head-turning technique will lead

to further methodological Iimprovements in infant auditory
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testing. Ultimately, these should yield a hard-core data
base of infant discrimination capacities for speech, as well
as non-speech stimuli. Such a data base will provide a much

needed ingredient for future theories of infant speech

perception.
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Table 1

Calibrations in dB SPL of the test area

Frequency (kHz)

. 250 . 500 1.0 2.0 4.0 8.0
Mean 79.0 70.1 69.3 72.3 74.3 69.8
SD 2.737 2.71 3.08 2.66 2.25 2.40
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Mean thresholds and standard deviations for infant and adult

subjects for 1.0 sec tones.

Infants

Mean

SD

Perfect Sessions

N
Mean

SD

Adults
N
Mean

SD

Diff

. 250

13

57 [
8.53
1.00

.04

9

40.1
8.91
2

15.5
9.6l
22.2

.500

13
30.3
11.8
.96

.07

29.2

12.4

8.50

21.8

1.0

11
31.2
10.2
.94

'OG

33.6

13.6

8‘00

7.42

23.2
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Frequency (kHz)

2.0

14
36.1
9.01
.92

09

31.8

4,92

12.4

23.7

16
34.3
2.3
«92

.10

1

15,2

729

27.0
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Tablea 2B

Mean thresholds and standard deviations for infants and
adults for .5 sec tones.

Freguency (kHz)

. 300 1.0 2.0 4.0 8.0
Infants
N 5 7 2 5 5
Mean 33.6 35.0 36.5 31.2 25.0
sSD 4.98 751 10.6 7.79 9.97
P 1.00 - 95 1.00 .93 .94
c .06 « 09 « 20 .07 .09
hdults
N 5 5 5 5 5
Mean 11.0 9.20 14.2 7.60 7.2
SD 5.48 10.4 9.23 9.04 a8.07
Diff 22.6 25.8 22.3 23.6 17.8
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FIGURE LEGENDS
1. Diagram of the testing area.

2. Inside view of the test booth.

3. State diagrams of the shaping and testing routines. ITI
= intertrial interval; OBS = gbservation interval; RF =
reinforcement; PRB = probe +trial; TEST = test trial:

CATCH = catech trial.,

4. Trial-by-trial record of an experimental session from
one Iinfant, showing performance in the shaping routine and
threshold tracking durling the testing routine. Test trials
are linked by a solid line. Numbers (1-6) with test trials

indicate occcurrence of response reversals.

%. Individual audiograms obtained from three infantas and

two adults.

6. Average audiogramm for infants and adults for 1.0 sec

and .5 sec tones.
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The Role of Barly Experience

in the Development of Speech Perception

Amanda C. Walley, David B. Pisoni and Richard HN. Aslin
Indiana University

Aloomington, Indiana 47405

I. INTRODUOCTION

A substantial body of information has accumulated over the
past ten years concerning the speech processing capacities of
prelinguistic infante. Some of the matfor theoretical issues
surrounding the precise nature of these capacitlies, particularly
the extent of their innate specification and the role of early
experience in thelr development, will be discussed in this
chapter. In addition, several theories that attempt to explain
thése capacities will be summarized. A conceptual framework will
be presented for evaluating these theories and, within this
context, some of the processes and mechanisms underlying the
perception of segmental contrasts will be examined. Particular
emphasis will be placed in this chapter on the perception of
voicing and place of articulation in stop consonants = two
phonetic distinctions that have received considerable attention in
both adult and infant speech perception research over the last few
years. However, the general approach to problems of perceptual
development to be advocated here can be extended to other classes
of speech sounds and other aspects of the phonology of natural
language that eventually become part of the linguistic knowledge

of all mature speaker-hearers.
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IT. BACKGROUND

The pioneering work of Eimas and. his colleagues (Eimas,
Siqueland, Jusczyk & Vigorito, 1971) demonstrated  that
prelinguistic infants could discriminate speech sounds differing
in voice-onset time (VOT) - a major cue to voicing. VOT has been:
defined for word-initial stop consonants as the interval between
the onset of the release burst and the onset of laryngeal pulsing
(Lisker & Abramson, 1964). Stop consonants are those speech sounds
which are produced by achieving complete closure of the relévant
articulators and thus complete and brief obstruction of the
airstfeam. The Eimas et al. study was motivated, in part, by two
previous empirical findings concerning VOT. The first of these was
that adults perceive variations in VOT categorically (e.g.,
Liberman, Harris, Kinney & Lane, 1961); in contrast to the
perception of other auditory stimuli, the discriminability of
variations iﬁ these speech sounds appears to be limiﬁed by the
listener's ability to differentially identify them. The second was
that speakers' productions, sampled from eleven diverse languages,
cluster around the same three modal values of VOT (Lisker and
Abramson, 1964). These two findings suggested the existence of
innate constraints on perception and production of the voicing
contrast. Because infants represent a linguistically naive
population, they seemed to provide an excellent opportunity for
studying the roles of genetic and experiential factors in
perceptual development. The finding that infants discriminated VOT

differences categorically 1led Eimas et al. to conclude that
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infants were perceiving these sounds in a manner approximating
categorical perception in adults. This in turn was interpreted as
support for the inference that the perceptual categories of the
young infant closely resemble those of the adult and that these
perceptual categories are genetically specified, since infants
have had little experience in the language learning environment.
Moreover, since the predominant view at the time was that
categorical perception was unigque to the perception of séeech
signals, Eimas et al. also argued that the infants perceived the
sounds 1n a linguistic mode and that the mechanisms underlying
speech perception were therefore part of the human's biological
makeup - 1i.e., phonetic categories were thought to bhe innately
specified. This view acknowledged, therefore, 1little, if any,
influence o©f nongenetic, experiential factors in the development
of speech perception. In a more recent discussion of infant speech
perception, Eimas (1980) has essentially reasserted these claimé
and 1gnored theoretical arguments for integrating the role of

early experience in the development of speech perception (Aslin &

Pisoni, 1980b}.

A. LEVEL OF ANALYSIS

The results from several 1lines of research in speech
perception necessitate a substantial tempering and modification of
the conclusions originally drawn from the Eimas et al. study. For
example, 1t 1is now weli established that categorical perception
does not necessarily imply the operation of a linguistic mode of

processing. First, categorical perception 1is not, as was once
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thooght, unique to the perception of speech signals. Several
studies (Cutting & Rosner, 1974; Miller, Wier, Pastore, Kelley &
Dooling, 1976; Pisoni, 1977) have demonstrated guite conclusively
that there are classes of complex nonspeech signals which can be
perceived categorically by adults. Moreover, it has been found
that infants discriminate these same nonspeech signals
categorically {Jusczyk, Rosner, Cutting, Foard & Smith, 1977;
Jusczyk, Plsoni, Walley & Murray, 1980). In fact, this line of
research has led to the proposal that paychophysical constraints
on the resolution of temporal order underlie VOT perception
{Hirsh, 1959; Pisoni, 1977). Recently, Jusczyk (1980, and chapter
in this volume) has offered a psychophysical explanation of the
stop/glide {(e.qg.. /baf vs. /wa/) distinctlon. Thus, the original
claim that the infant's categorical indicates processing at a
linguistie 1level is certainly not supported by evidence of
unigqueness, since nonspeech signals are also discriminated
categorically.

A second argument against the claim that categorical
perception is mediated by linguistlic analysis follows from the
demonstration that categorical perception is not limited to human
perception. Kuhl and Miller (1975, 1978} have shown that
chinchillas exhibit categorization of stop consonants that is
similar to humans even though such perception in chinchillas is
obviously not mediated by the phonological system of any natural
language. These two findings concerning categorical perception
clearly render untenable the satrong contention {(Eimas et al.,
1971) that categorical-like perception implies perceptlion in a

linguistically relevant manner. The demonstration of categorical
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discrimination in infants is not, therefore, sufficient to warrant
the claim that speech signals are processed by specialized
perceptual mechanisms or that the infant's discrimination 1is
directly <constrained by the phonological structure of any
particular natural language. Rather, it appears that there are
general constraints on the mammalian auditory system and that
infants (and chinchillas, for that matter) may simply Dbe
responding to the psychophysical or sensory properties of speech
signals without any subsequent linguistic interpretation of these
signals. It seems gquite plausible, however, that certain languages
have, in the manner that Stevens (1972) has suggested, exploited
various properties of the auditory system 1in selecting the

inventory of speech sounds to Dbe used as phonological

distinctions.

B. INNATE SPECIFICATION OF PERCEPTUAL CATEGORIES

These findings concerning categorical perception raise
serious doubts about the inference that specific adult-like
phonetic categories exist as such for the infant. The second of
Eimas' claims - that the perceptual categories underlying phonetic
categories, at least those for stop c¢onsonants, are innately
specified is also subject to criticism. The original basis for
this nativistic c¢laim was twofold. First, although the precise
locations of the boundaries Dbetween phonological categories for
stops Idiffered somewhat across languages, Lisker and Abramson
(1964, 1967) found that production and perceptual categories

tended to fall around at least one of three modal wvalues along the
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VOT continuum corresponding to long lead, short lag or long lag
distinctions in voicing. These investigators proposed therefore
that VOT is a universal dimension for realizing wvoicing
distinctions and is closely tied to the way in which laryngeal and
supralaryngeal events are controlled in Speech production. Second,
because of the <close correspondence between the infant's
discrimination performance.for the synthetic VOT stimuli and the. -
Lisker and Abramson adult English perceptual data, Eimas (1975,
1978) argued that prelinguistic infants are predisposed to process
VOT information and that this .processing is achieved wvia the
operation of an innately specified 1linguistic feature detector
system which is independent of the infant's linguistic
environment.

Despite the apparently sound reasoning behind this strong
nativistic position, Eimas overlooked several important empirical
findings. First, the precise location of the voicing boundaries
described by Lisker and Abramson do differ somewhat from language
to language, indicating that some fine tuning or realignment of
perceptual categories must occur in development - an implication
which Eimas (1975) later realized and discussed briefly. Indeed,
this sort of perceptual modification might explain why Eimas
failed to find any evidence for the discrimination of the
prevoiced/voiced distinction among English infants; i.e., even the
limited exposure which two-month-olds have to their native
language might have exerted a change in sensitivity to this
particular contrast. On the other hand, several more recent
studies have suggested that such a period of exposure is unlikely

to produce any pronounced change 1in sensitivity along the VOT
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continuum and that infants are, in fact, sensitive to this
contrast (but see Eilers, Gavin & Wilson, 1979, for an exception
to this position). Lasky, Syrdal-Lasky & Klein (1975) found that
infants raised in a Spanish-speaking environment do discriminate
voicing contrasts that are not discriminated by Spanish speaking
adults, but that these infants fail to discriminate the cdntrast
that straddles the Spanish adult voicing boundary. Additional
evidence for the discrimination of voicing contrasts not found in
the linguistic environment has been obtained by Streeter (1976)
for Kikuyu infants and by Aslin, Hennessy, Pisoni and Perey (1979)
for English infants. Although Eimas' innate feature detector model
can account for the ability of all infants to discriminate all
three of the VOT contrasts, there certainly must be some influencé
exerted by experience during development. Moreover, the features
used in discrimination are most likely auditory, and not phonetic,
ones.

A second problem with Eimas' argument is his use of the
correspondence between the English adult and infant discrimination
data to support the claim that voiéing categories are perceived by
infants in a linguistically relevant manner and are, therefore,
genetically specified. If such a correspondence between the data
from English infants and adults supports a linguistic level of
analysis in these infants, at what level do Spanish infants, whose
data do not correspond to that of Spanish adults, analyze these
same stimuli? Apparently, Eimas did not see any conflict in the
lack of correspondence between the Spanish adult and infant data.
Yet, this 1lack of correspondence would seem to invalidate the
claim that English infants process speech sounds (at least those
differing in VOT) at a linguistic level.
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Although the nativistic account of speech perception proposed
by Eimas might be thought of as representing a significant advance
over previous views of perceptual development which have assumed
that speech production precedes or parallels perception (e.g.,
Fry, 1966}, it seems clear that experience must, at some point in
development, exert an influence on perception to produce the adult
perceptual categories appropriate for speech. Indeed, the
necessity of such envirénmental influence language acquisition was
obvious to Hockett (1955), who, identified several essential
'design features' that characterize all spoken languages and set
them apart from communication systems of other organisms.
Specifically, Hockett observed that inherent in ail natural
languages is a 'duality of patterning' - 1i.e., there 1is a
syntactic level o©f representation which consists o©of the
arrangement of meaningful elements (morphemes or words}),
differences in which are realized by variations in the arrangement
of meaningless elements (phonemes} at the phonological level of
répresentation. The arbitrary relationship between sound and
meaning in human language, and the resulting variability that
exists across linguistic comnunities, necessitate the cultural
transmission of any particular language. Cultural transmission of
a language in turn reguires a substantial amount of plasticity in
learning and susceptibility to the influence of experiential
factors in the language learner., However, 1t remains unclear what
mechanisms underlie such responsiveness to environmental input,
what precise effects linguistic experience exerts on perception,

and when during development these experiential influences are most

significant.
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C. MECHANISMS

Clearly, there 1is some selective modification during the
course of phonological development. This is evidenced by the fact
that different languages have different phonological systems and
by the apparent difficulty adults have in recognizing phonetic
contrasts which are phonologically irrelevant in their native
language. The cross- language research of Lisker. and Abramson
(1967) supports the contention that only phonologically
distinctive perceptual categories are perceived by adults and that
linguistic experience plays a significant role in the

categorization of speech sounds. As can be seen in Figure 1,

English, Thai and Spanish adults are only able to différentially
label those speech sounds which are used contrastivély in their
language. More recent cross—-language research Dby Miyawaki,
Strange, Verbrugge, Liberman, Jenkins and Fujimura (1975) also
provides support for the view that the phonologically distinctive
/r/-/1/ contrast in English is perceived by English adults, but
not by Japanese adults who do not use this contrast in their
language. Training studies such as those summarized recently by
Strange and Jenkins (1978) suggest further that, although the
ability to perceive a phonologically irrelevant contrast may have
been present at birth, adults who have lost or failed to develop

the ability to discriminate that contrast are probably incapable
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of (re)acquiring it. Findings such as these have been interpreted

as evidence that a neural substrate for the perception of
phonologicaliy irrelevant contrasts either failed to form during a
critical or sensitive period or atrophied 1in the absence of
experience with that contrast (Eimas, 1975). This neural.theory of
phonological development is passive, in the sense that it assumes
that little, if any involvement, either attentional or productive,
is required to maintain or create a particular perceptual ability.
It cannot, therefore, explain how a child eventually realizes that
different acoustic cues signal differences at ﬁhe morphological
level of language.

An alternati&e to this passive or strictly receptive account
of the role of early experience in speech perception is the view
that the failure to actively engage an attentional or productive
system in the use of a particular phonetic contrast only depresses
or attenuates subsequent discrimination performance on that
contrast. The apparent difficulty adults have in discrimination
may not be due to the degradation of any sensory or neural process
per se, but may simply be a consequence of an attentional deficit
similar to the process of acquired equivalence - a perceptual mode
that involves 'learning to ignore distinctive differences among
stimuli (Riley, 1968). This view assumes that perception of the
relevant distinctive contrasts is so automatic as a result .of
processing strategies or mechanisms previously acquired by the
listener that reacquisition of a phonologically-irrelevant
contrast is difficult, if not impossible,.to obtain reliably in
untrained adults who have had little experience in the laboratory

(see Shiffrin and Schneider, 1977).
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Recently, Pisoni, Aslin, Perey and Hennessy (1978) have
conducted several experiments which show that monolingual adult
speakers of English are able to acquire a new volclng contrast. In
one condition, the subjects had three response categories
corresponding to /ba/, /pa/ and preveolced /ba/. All subjects were
very consistent in labeling the synthetic VOT stimuli into three
perceptual categories, despite the absence of highly prevoliced
atops in syllable-initial position in English and despite the very
limited exposure and training experience that preceded the
labeling task. Prior to testing im this condition., subjects
listened to several repetitions of the -70, 0 and +70 meec VOT
stimuli (prevoiced /fba/, [ba/ ana [pa/, respectively) to
familiarize themselves with the stimulus contrasts and the
appropriate responses. However, no overt response was required at
this time and no feedback was provided, nor was any attempt made
to train subjects in any explicit way. The identification results
from this three-category labeling task are particolarly striking
when compared o the identification results from the more
traditional two-alternative forced-choice task in which asubjects
simply categorized the stimuli inte two groups corresponding to

English /ba/ and /pa/ (see PFigure 2).

- e e - T D = - - -

Bote the classic two-category identification functions
cbtained in this task for /ba/ and /pa/ responses. The ABX
discrimination functions for subjects in both conditions reveal

two peaks in discrimination (see Figure 2); l.e., even subjects in
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the two-category labeling condition discriminate stimuli in the
voicing lead region of the stimulus continuum despite the fact
that these stimuli were all identified as belonging to the same
phonological category (/ba/). This result was also obtained for
subjects tested without prior labeling experience and without
feedback. Apparently, phonologically irrelevant categories (Such
as prevoiced /ba/, for speakers of English) can be cénsistently
categorized by adults even without very extensive training. Thus,
the lack of exposure to specific phonetic contrasts during infancy
and childhood does not appear to result in a complete neural loss
or atrophy of the feature detectors which have been assumed to
underlie phonetic categorization (Eimas, 1975). These new findings
call into gquestion the recent conclusions of Strange and Jenkins
(1978) concerning the negligible effects of laboratory training
studies in speech perception. Moreover, given that subjects could
use three response categories consistently and without extensive
training in the Pisoni et al. study, it is difficult to argue that
there was any appreciable "selective" loss in perceptual
sensitivity by these subjects in processing voicing information.
The pefformance decrements observed in earlier studies on voicing
discrimination may simply have been the result of criterion shifts
and response constraints that were a part of the different subject

strategies used in these tasks (see Pisoni and Lazarus, 1974;

Carney, Widin & Viemeister, 1977).
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ITI. ROLE OF EARLY EXPERIENCE IN PERCEPTUAL DEVELOPMENT

There still exists a strong tendency toward theoretical
simplification in describing the ontogeny of wvarious infant speech
processing capacities - i.e., toward explaining them either in
vague terms of 1learning or by recourse to strong nativistic
accounts. In contrast, several researchers working in the area of
visual system development have begun to appreciate the many
diverse and 1interactive roles that genetic and experiential
factors can play in the development of sensory and perceptual
systems. For example, some of the neural mechanisms underlying
visual functioning are not present at birth, nor do they emerge
during development as a simple consequence of a genetically
controlled plan or schedule. Instead, early visual experience does
have some influence on the course of wvisual system development
(see the chapters by Mitchell, Aaslin, Norton & Blake, this
volume). This experience does not, however, totally control the
outcome of wvisual system development since some denetically
specified limits are clearly placed on how much and at what point
in development such early experience can influence wvisual system
development{ for general reviews, see Blakemore, 1976: and
Grobstein and Chow, 1976).

It has become clear from the study ofrvisual system function
and its development that a simple dichotomy between nativistic and
empiricist accounts of the process of development 1is simply
inadequate to capture the multiple and seemingly complex genetic

and environmental interactions that underlie normal perceptual

i
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develoément (see the chapter by Aslin, this volume). Similarly,
the following discussion is motivated primarily by the concern for
providing a more explicit and coherent framework from which to
view the course of pereeptual development - particularly the
development of speech perception. The need for such a framework in
understanding the processes underlying the development of speech
perception is particularly pressing in light of the many seemingly
diverse and conflicting empirical findings that have appeared in
the infant speech perception literature in recent years, some of
which will be reviewed below (see also Jusczyk, 1980, and chapter
this volume).

Recently Gottlieb (1976a,b, and chapter this volume) has
provided an account of some of the possible roles that early
experience can play in behavioral development. His
conceptualization of these experiential processes = Seems
particularly relevant and amenable to discussions of the
development of speech perception (Aslin & Pisoni, 1980b).
According to our application of Gottlieb‘'s framework, there are
four basic ways in which early experience could influence the

development of speech processing abilities. These alternatives are

illustrated in Figure 3.

First, a perceptual ability may be present at birth but
require certain specific types of early experience to maintain the
integrity of that ability. The absence or degradation of the

requisite early experience can result in either a partial or a
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complete loss of the perceptual ability, a loss which may be
irreversible despite subsequent experience. For example, the work
of Hubel and Wiesel (1965, 1970) on the visual system of the
kitten showed, among other things, that the full complement of
neural cells responsible for binocular vision was present at
birth, although they 1lost their function if the kittens were
deprived of Dbinocular vision during a sensitive period. Early
experience in this case sefved then to maintain the functional
integrity of the mechanisms underlying binocular vision (see also
Blakemore, 1978).

Second, an ability may be only partially developed at birth,
requiring specific types of early experience to facilitate or
attune the further development of that perceptual ability. The
lack of early experience with these stimuli which may serve a
facilitating function could result either in the absence of any
further development or a loss of that ability when compared to its
level .at birth. As an example of a facilitating effect of
experience, Gottlieb himself has shown that ducklings modify their
subsequent preference and recognition of species-specific calls by
their own vocalizations prior to and shortly after hatching
(Gottlieb, 1976a). If these self- produced vocalizations are
prevented from occurring (through devocalization techniques) in
the early stages of development, the developmental' rate of
preference for species-specific calls declines and the ability to
discriminate and recognize particular calls 1is substantially
reduced (Gottlieb, 1975).

| Third, a perceptual ability may be absent at birth, and its

development may depend upon a process of induction based on
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specific early experiences of the organism. The presence of a
particular ability, then, would depend to a large extent upon the
presence of a particular type of early experience. For example, it
is well known that specific early experience presented to young
ducklings leads to imprinting to a particular stimulus object and
can be taken as an instance of inducing a behavioral preference
(Hess, 1972). Thus, in this case, the presence of 5 particular
early experience is necessary for the subsequent development of a
particular preference or tendency.

Finally, early experience may, of course, exert no role at
all in the development of a particular perceptual ability. That
is, the ability may be either present or absent at birth and it
may remain, decline or improve in the absence of any particular
type of early experience. BAbsence of experiential effects is
difficult to identify and often leads to unwarranted conclusions,
especially those that assume that an induction process might be
operative. For example, it 1is guite common for investigators to
argue that 1if an ability is absent at birth, but then observed to
be present sometime after birth, the ability must have Dbeen
learned (see Eilers et al., 1979). In terms of the conceptual
framework outlined above, this could be an instance of induction.
Yet it is quite possible that the ability simply unfolded
developmentally according to a genetically specified maturational
schedule - a schedule that required no particular type of early
experience in the environment. (Fantz, Fagen and Miranda, 19753,
provide an example of this by demonstrating a preference for
patterned stimuli in both full-term and premature infants.) This

unfolding of an ability may be thought of as adhering to the
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general class of maturational theories of development. As an
example, although general motor activity is necessary to prevent
the atrophy of various muscle systems, many of the classié studies
by Gesell in the 1930s demonstrated that no specific training
experience was necessary for infants to acquire the ability to
walk (Gesell and Ames, 1940). Thus, the complexity of these
numerous alternatives - maintenance, facilitation, induction and
maturation - and their possible interactions should serve to
caution researchers against drawing any rash or premature
conclusions about the developmental course of specific perceptual
abilities.

In order to make clear the relevance of Gottlieb's scheme of
the roles of early experience to the development of speech
perception, four general classes of theories of perceptual
development that seem appropriate to a discussion of phonological
devélopment and that parallel the effects of early experience as
described by Gottlieb will be outlined. After the assumptions of
these perceptual theories are described, several examples from the
infant speech perception literature will be selected to illustrate
the usefulness of this conceptualization. The classes of theories
of perceptual development to be considered below are Universal

Theory, Attunement theory, Perceptual Learning Theory and

Maturational Theory.

Universal Theory assumes that, at birth, infants are capable
of discriminating all thé possible phonetic contrasts that may be
used phonologically in any natural language. According to this
view, early experience functions to maintain the ability to

discriminate phonologically relevant distinctions - those actually
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presented to the infant in the environment. However, the absence
of exposure to phonologically—irrelevent contrasts results in a
selective loss of the ability to discriminate those specific
contrasts. The perceptual mechanisms responsible for this loss of
sensitivity may be either neural or attentional or both. These two
alternatives also make several specific predictions concerning the
possible reacguisition ef the lost discriminative abilities in
adults, an 1important topic in 1its own right, as mentioned
previously.

Attunement Theory assumes that at Dbirth all infants are:
capable of discriminating at least some of the possible phonetic
contrasts contained in the world's languages, but that the
infant's discriminative capacitites are incompletely developed
and/or possibly quite broadly tuned. Early experience therefore
functions to align and/or sharpen these partially developed
discriminative abilities. Phonologically-relevant contrasts in the
language-learning environment would then become more finely tuned
with experience and phonologically-irrelevant contrasts would

either remain broadly tuned or become attentuated in the absence

of specific environmental stimulation.

In contrast with the other two views, Perceptual Learning
Theory assumes that the ability to discriminate any particular
phonetic contrast is dependent upon specific early experience with
that contrast in the language-learning environment. The rate of
development could be very fast or very slow depending on the
relative importance of the phonetic contrasts during early life,
the relative psychophysical discriminability of the acoustic cues

underlying the phonetic contrast compared with other phonetic
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contrasts, and the attentional state of the infant. According to
this wview, however, phonologically-irrelevant contrasts would
never be discriminated better than the phonologically-relevant
ones present in the language-learning environment.

Finally, Maturational Theory assumes that the ability to
discriminate a particular phonetic contrast is independent of any
specific early experience and 'simply unfolds according to a
predetermined developmental schedule. All possible phonetic
contrasts would be discriminated equally well irrespective of the
language environment, although the age at which specific phonetic
contrasts could Dbe discriminated would De dependéht on the
developmental level of the uhderlying sensory mechanism. For
example, if infants did not show sensitivity to high frequencies
until later 1in development, one would not expect them to
discriminate phonetic contrasts that are differentiated by high
frequency information.

These classes of theories of perceptual development make.
rather specific predictions concerning the developmental course of
speech perception in infants and young children. It is important
to note here that probably no single class of theory will uniquely
account for the development of all speech contrasts. Rather, it
may be the case that some hybrid of the theories provides the best
description of the development of spécific classes of speech sound
discriminaﬁion. In fact, this view of parallel developmental

processes appears to be supported by current empirical findings.
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A. Voicing in Stop Consonants.

The Eimas et al. study (1971) generated a great deal of
interest in the infant's speech processing capacities (see
Jusczyk, 1980, and chapter this volume). Since then, infants'
discrimination of over two dozen VOT contrasts has been studied
and positive evidence of discrimination has been obtained for all
contrasts that crossed the English voiced-voiceless boundary.
However, for contrasts that crossed a prevoiced-voiced boundary,
the only positive évidence of discrimination was obtained with
infants whose native language environment contained this
phonological contrast for stop consonants (see Eilers et al.,
1979; see also Aslin & Pisoni, 1980a, for an important critique of
this study).

While these results on the discrimination of @ voicing
contrasts by infants might appear to, provide strong support for
Perceptual Learning theory, there are findings that clearly
conflict with the theory's predictions. For example, several
contrasts have been tested with infants whose native language
environment was not English (e.g., Lasky et al., 1975; Streeter,
1976). Discrimination performance on the majority of these
contrasts was observed despite the fact that these specific
contrasts were not phonologically distinctive and therefore
unlikely to occur in the infants' language learning environment.
However, other VOT studies have failed to provide evidence that
infants discriminate contrasts that are present in their language

learning environment (e.g., Lasky et al., 1975). Within the
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conceptual framework Dbeing proposed here, these seemingly
contradictory results can be reconciled and a systematic account
of them offered in terms of what is currently known about the
psychophysical properties of these speech signals and the
developmental processes responsible for realizing the
discrimination.

There 1is now sufficient evidence to suggest that the basis
for VOT discrimination by infants is probably not directly related
to phonetic categorization or a linguistic mode of analysis (see
also Stevens and Klatt, 1974). Recently, Pisoni (1977) has
demonstrated that when the relative onset times of two-component
tones are varied, adults perceive such variations 1in these
nonspeech stimuli categorically. The identification data indicate
that the tone-onset-time (TOT) continuum 1is parsed into three
discrete categories; stimuli with onset differences greater than
20 msec are perceived as having either leading or lagging onsets,
those with onset differences 1less than 20 msec as Thaving
simultaneous onsets. Pisoni (1977) has also shown that the peaks
in the discrimination functions for these stimuli coincide quite
closely with these values.

Similar discrimination performance with these TOT stimuli has
been observed in infants, although the precise location of the
infants’' category boundaries (as inferred from the discrimination
data) differs somewhat from the adults' (Jusczyk et al., 1980).
The adult category boundary values observed by Pisoni for the TOT
continuum also correspond very closely to the loci along the VOT
continuum of the three voicing categories found earlier by Lisker

and Abramson (1964, 1967) across a wide variety of languages. This
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correspondence, together with the infant and chinchilla data,
suggests that the categorical perception of VOT information may
simply reflect an inherent limitation of the mammalian auditory
system to resolve temporal differences between two acoustic events
- specifically, in the case of voicing, between laryngeal and
supralaryngeal ones. The resolution of the temporal relation
between these two events is greater at certain regions (+/-20msec)
along the VOT stimulus continuum which correspond roughly to the
the psychophysical threshold for resolving these differences
(Hirsh, 1959). |

This psychophysical account of VOT perception is attractive
in that it can account for both the infant and chinchilla data
without recourse to the assumption of innate 1linguistic (i.e.,
phonetic) knowledge. Moreover, it can account for the
cross-language similarities that have been observed for infant
perception. However, two questions are immediately apparent from
this analysis. First, why 1is there so 1little evidence for the
discrimination of VOT in the -20 msec region of voicing lead in
the infant literaﬁure? Second, what role does the environment play
in tuning the perceptual mechanism responsible for processing
temporal order information? In other words, what accounts for
cross—language differences in the adult perceptual data?

The first question can be addressed by observing that even
with nonspeech signals differing in relative onset time,
discrimination of onset differences is better in the positive
region of the stimulus continuum than in the negative one. The
same relation can be found in the original Lisker and Abramson
(1967) discrimination data obtained with Thai subjécts (see top

panel of Figure 4). The smaller incidence of discrimination of VOT
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differences in the region of voicing lead is probably then due to
the generally poorer ability of the auditory system fo resoclve
temporal differences in which a lower frequency component precedes
a higher one (Danaher, Osberger & Pickett, 1973).

Lower discriminability of stimuli in the minus region cf the
VOT ceont inuum cannot completely account for the overall
per formance of infants since all three positive instances of
discrimination of preveoiced and voiced stop contrasts reported in
the literature involved infants from linguistic environments where
this contrast is used. Thus, it can be further argued that early
linguistic experience must play some role 1in modifying the
discriminability of speech stimuli depending on the Trelative
predominance of certain VOT wvalues in the productions of adults.

Differences in the relative discriminability of VOT contrasts
are yet another indication that early environmental experience
plays an important role in perceptual development. Although there
are two regions of high discriminability even in the functions
obtained from speakers of English, a language which does not have
the prevoiced/voiced contrast, the peak in the minus region 1is
substantially lower than the Thai discrimination data {see top
panel of Figure 4). A very similar finding is apparent in the
discrimination data of Williams {1974} for Spanish and English
subjectsjand in the more recent data of Pisconi et al. (1978) with
naive adult English subjects (see Figure 2). The Spanish subjects

in the Williams' study displayed a much Dbroader region of
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heightened discriminability extending well into the area
encompassing the location of the English voicing boundary.

The available data on the development of voicing perception,
therefore, provide good support for the Attunement Theory outlined
earlier, since there appears to be a partially specified ability
to process temporal order information present at birth. Perceptual
sensitivity to temporal order differences such as those present in
synthetic stimuli is, however, susceptible to the influence of
early experience, which apparently selectively modifies the
distinctiveness and location of the regions of sensitivity along a
stimulus continuum such as VOT.

Jusceyk (1980; see also chapter in this book) has suggested
how such modification might be achieved. Experience in a
particular linguistic environment could direct the infant or child
to make use of other prominent acoustic cues to voicing that occur
regularly in certaln phonetic environments as a conseguence of
phonological conatraints specific to that language. This
experience would result in a differential perceptual welghting of
the various cues to voicing and produce a change in the perceptual
salience and location of regions of sensitivity along the VOT
continuum. Although Jusceyk has proposed that the infant may only
begin to attend to relevant acoustic cues for phonetic contrasts
when speech begins to Assume a communicative {i.e.,
meaning-related) purpose, it is also quite possible that a
communicative context {(i.e., dyadic interchange) acts as a vehicle
for directing the child's attention to the subtle acoustic
faatures of the speech signal. If the latter explanation is

correct, then +the social role in the acguisitlon of szpeech

139



processing skills is to focus the child's perceptual capacities
and attention, rather than to trigger a new level of analysis
related to referential skills. Clearly, these issues require
extensive study of infants during the early months of speech
production (12-18 months of age) and, unfortunately, such studies

are virtually absent from the speech perception literature.

B, Place of Articulation for Stop Consonants.

Because the acoustic cues to place of articulation have in
the past 8o successfully eluded any simple characterization, this
phonetic contrast has been the subject of extensive research and
the resulting information about place perception has been of major
importance in the formulation of speech perception theorles.
Although several acoustic properties, such as formant transitions,
burst spectra, and direction of rapid spectrum change following
consonantal release, have been implicated in the perception of
place of articulation (e.g., Liberman, Cooper, Shankweiler &
Studdert=-Kennedy, 1967: Cooper, Delattre, Liberman, Borst &
Gerstman, 1952; S8Stevens, 1975; Stevens and Blumstein, 1975%),
attempts to state unequivocally which acoustic propertiea or
correlates constitute the primary perceptual cue for this feature
have been complicated by the fact that all of these acoustic
features may wary for a given place of articulation in different
phonetic contexts. The failure to find an absolute, invariant set
of acoustic properties which correspond to place of articulation
in all environments has led some theorists to argue more generally

that invariant cues do not exist for phonetic features - that the
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relation between the acoustic signal and the phonetic pércept is
not a direct one (e.g., Liberman et al., 1967). Rather, it.is
claimed that the invariance of the phonetic percept results from
the interpfetation of acoustic cues in a manner that 1is context
dependent. In order to explain how such contextually determined
interpretation could be achieved, one class of speech perception
tﬁebries has therefore found it necessary to view the speech
perception process as an active one in which the identification of
phonetic segments depends on some sort of computational or look-up
procedure that involves higher 1level 1linguistic knowledge that"
imposes structure on the incoming speech waveform (e.g., Chomsky &

Miller, 1963; Chomsky & Halle, 1968; Liberman et al

., 1967;
Stevens & Halle, 1967; Stevens & House, 1972).

In support of context dependent views of speech perception is
the finding that vastly different acousﬁic cues may give rise to
the same phonetic percept, and the converse finding that the same
acoustic segment in different contexts may give rise to the
perception of different phonetic segments (Liberman et al., 1967;
Liberman, Delattre & Cooper, 1952; Shatz, 1954). Moreover, the
finding that potential cues for place of articulation are context
dependent has been an important Jjustification for the claim that
speech perception involves specialized processing mechanisms
(e.g., Liberman & Studdert-Kennedy, 1978). Several studies have
shown that infants discriminate place contrasts categorically in
speech contexts, but not in nonspeech contexts (for a summary, see

Jusczyk, 1980), providing additional support for this type of

theory.
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There are, however, two potential sources of evidence against
such context dJdependent views of spéech pefception. First, 1if
linguistic knowledge is actually a prerequisite for the perception
of speech, this would seem to require that experience in speech
perception and/or production is necessary for the perception of
specific contextual dependencies. However, this implication is
challenged to some extent by the results of infant speech
perception studies, which show that infants, with only very
limited exposure to the numerous phonetic distinctions employed by
various languages L, and with wvirtually no experience 1in the
consistent articulation of these distinctions, are capable of
discriminating certain acoustic variations across adult phonemic
categories while ignoring within-category wvariations. Although
active theories of speech perception might still account for these
abilities Dby positing innate Xnowledge of phonological rules,
Eimas (1975) has proposed 1instead that the infant data 1is
accommodated better by simply assuming the existence of a
linguistic feature detector system. He has argued that the human
auditory system might be endowed with feature or property
detectors which are sensitive to the restricted ranges of acoustic
information that signal phonetic features (see also Stevens,
1975). Thus, infants may be predisposed to perceive certain speech
stimuli in a linguistically relevant way. As discussed previously,
it 1s more parsimonious to attribute categorical perception, at
least of the VOT continuum, to basic psychophysical constraints on
the auditory system, rather than linguistically-oriented feature

detectors.
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A  second source of evidence against context-dependent
theories of speech perception derives from research that attempts
to specify in detail what these psychoacoustic constraints on the
mammalian auditory system are. The importance of these constraints
is that they provide the basis for a mode of perception which
accounts, in part, for the invariance of the phonetic (voicing}
percept and thus the child's ability to acquire voicing as a
phonemic contrast. Although it seems reaéonable to assume that a
psychophysical basis for the categorical perception of variations
in the cues to place of articulation may also exist, such a basis
1s less obvious in view of the greater contextual variability of
the hypothesized cues for this feature. Indeed, Bailey,
Summerfield and Dorman {1977) have provided evidence that the
psychophysical Tboundaries obtained for a set of nonspeech
frequency- and amplitude-modulated sinewaves, which were modelled
after the formant structure of stop CV syllables, do not
correspond to the phonetic boundaries obtained for the speech
stimuli. Thus, they interprete this finding as support for the
existence of some specialized speech processing mechanism.
However, Pisoni (1979}, using comparable nonspeech stimuli, has
shown that the location and extent of perceptual categories are
not necessarily rigidly controlled by any simple physically
defined invariant, such as the direction of frequency change, but
rather that these <categories are influenced by contextual
information as well. This finding may account for the boundary
differences obtained by Bailey et al. In any event, a number of
more recent investigations (Kewley-Port, 1979; Searle, Jacobson &

Rayment, 1979:; Stevens & Blumstein, 1978, 1980), which employ new
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methods of speech analysis and which attempt to incorporate known
psychophysical and psychophysiological properties of the human
peripheral auditory system into models of the initial stages of
speech processing, have been more successful in finding invariant
acoustic cues for place of articulation. Such findings would seem
to argue strongly against active, context-dependent theories of
speech perception.

While the results of studies of infant perception of place of
articulation might be expected to address the viability of active,
context-dependent theories of speech perception, only a few
studies have actually addressed the question of whether or not the
perceptual equivalence of different and/or contextually varying
acoustic features exists for infants (Eilers, 1977; Fodor, Garrett
and Brill, 1975; Kuhl, 1979). Investigations of infant speech
perception have, for the most part, only examined discriminatioﬁ
of stimuli varying along a single acoustic dimeﬁsion. Thus, while
it has been shown that infants are capabie of categorically
discriminating place distinctions (for a review, see Jusczyk,
1980), it 1is not vyet clear from these investigations that the
perceptual equivalence of different and/or contextually varying
acoustic segments exists for infants, nor that these infant data
can be used to refute active, context-dependent theories.

The recent work of Stevens and Blumstein (1978,1980)
represents .the most substantial theoretical account of the
infant's perception of place of articulation. Because several
studies have shown that infants can discriminate place of
articulation differences (e.g., Bush and Williams, 1978; Eimas,

1974; Leavitt, Brown, Morse and Graham, 1976; Miller and Morse,
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1975; Moffitt, 1971; Morse, 1972), Stevens and Blumstein object to
the view, entailed in active speech perception theories, that only
after learning to organize contextually diverse and variable
acoustic features into their appropriatevadult phonemic categories
does the child come to perceive place of articulation
distinctions. Instead, they propose that some innate mechanism
must mediate the invariance which they assume is entailed in the
discrimination of such distinctions by infants. It should be
emphasized, however, that studies to date have merely shown that
infants are capable of discriminating place of articulation
differences in stimuli varying along a particular acoustic
dimension - i.e., formant starting frequency and direction. They
have not demonstrated that infants perceive syllables such as /da/
and /di/ as being similar with respect to the initial phonetic
segment and evidence for perceptual constancy cannot, therefore,
be inferred from any of these simple discrimination studies. Until
it is shown that infants are able to sort different and/or
contextually variant acoustic features into their appropriate
adult phonemic categories, theories which require experience 1in
the perception and/or production of these features are not, as
Eimas (1975) contends, and Stevens and Blumstein implicitly
assume, invalidated on the basis of the current data from infant
speech perception research (but see Pisoni, 1978, for other
criticisms of these theories).

While it has not yet been demonstrated that infants have any
initial basis for recognizing that contextual variations in
acoustic features belong to certain phonetic categories, Stevens

and Blumstein are reluctant to abandon the notion that some
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invariant property exists in the acoustic correlates of each
particular place of articulation category. They have argued that
even though various context-dependent features, such as starting
frequency and direction of formant transitions and release bursts,
are separately observable in a spectrogram, the auditory systemnm
does not necessarily process these features independently of one
another. Instead, Stevens and Blumstein claim that the auditory
system integrates these features in such a way that the gross
spectral properties associated with each place of articulation
category provide the acoustic invariance which wunderlies the
constancy of the phonetic percept and which must, in their
opinion, mediate infant perception. The search for invariant
acoustic correlates of phonetic features and thus for a means of
automatic, passive recognition of phonetic distinctions represents
a notable digression from earlier proposals that speech perception
proceeds primarily via the active operations entailed, for

example, in analysié—by—synthesis(Stevens and Halle, 1967;

Stevens and House, 1972} or by reference to motor—articulatory
patterns (e.g., Liberman et al., 1967)}.

Stevens and Blumstein's (1978, 1980) assertion that there are
distinctive and context-independent acoustic properties associated
with different places of stop consonant articulation derives from
both theoretically based expectations about the gross shape of the
short-term spectrum sampled at consonantal release and spectral
analyses they have carried out on natural speech. According to
these «criteria, labials (/b/, /p/) are characterized by a
diffuse-falling spectrum, alveolars (/d/, /t/) by a diffuse-rising
spectrumn and velars (/g/, /kX/) by a prominent mid-frequency

spectral peak. Examples of these are shown in Figure 5. These
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putatively invariant acoustic cues for place of articulation -
location and diffuseness of spectral energy at stimulus onset -
are, of course, very similar to the compact vs. diffuse and grave
vs. acute features originally proposed by Jakobson, Fant and Halle
(1952). Stevens and Blumstein have also maintained that these
spectral properties may be wused to characterize nasals of
different places of articulation and that the spectrum sampled ét
vowel offset of a CV syllable should exhibit the same properties
as the onset spectrum for a given place of articulation. The
characteristics of onset spectra are determined by the burst
spectrum and the initial portions of the formant transitions at
voicing onset. The same spectral shapes can be obtained for
synthetic stimuli containing only formant transitions and no
burst, but these shapes are enhanced by the presence of the burst.
Stimuli with only the release burst present do not yield these
distinctive spectral shapes.

Because Stevens and Blumstein (1978) found that only thoée
synthetic stimuli_with distinctive spectral characteristics were
identified consistently by adults according to place of
articulation, they proposed that the auditory system also performs
a short-term spectral analysis at stimulus onset for a stop
consonant. According to their account, formant transitions are not
the primary cue to place of articulation in CV syllables. Rather,
identification of this phonetic featuré is achieved through the

operation of property detectors which, at the peripheral stage of
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auditory processing, are tuned fo the invariant properties of the
onset spectrum. They argue that it 1is the operation of these
detectors which accounts for the infant's ability to discriminate
stimuli with different places of articulation - particularly when
these stimuli contain both formant transitions and release bursts.
This assertion concerning the relative discriminability of stimuli
with and without release bursts is based on the earlier work of
Bush and Williams (1978) and may not be valid since these
investigators failed to actually examine discrimination of pairs
of stimuli with and without bursts.

The claim that the context-independent properties described
above provide the Dbasis for perception of a given place of
articulation might be challenged by the finding that adults are
able to differentially identify two-formant synthetic stimuli with
respect to place of articulation (Cooper et al., 1952; Delattre,
Liberman & Cooper, 1955; Liberman et al., 1952). These stimuli do
not, so Stevens and Blumstein report (1978), yield spectra with
the distinctive, contextually invariant shapes which purportedly
underlie the perception of this phonetic feature. Stevens and
Blumstein agree that, in two-formant stimuli, only the
second-formant transition can signal differences in place of
articulation. They attempt to explain the adult's ability to use
this context-dependent cue in terms of the co-occurrence of the
primary, invariant and secondary, context-dependent features in
the full formant stimuli. Because adults have learned the
co-occurrences between primary and secdndary cues through repeated
exposure to them in the linguistic environment, they can, in the

absence or distortion of the primary attributes of the stimulus,
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use the secondary cue of starting frequency and direction of
formant transitions to identify place of articulation. In terms of
the theories previously outlined, Stevens and.Blumstein's account
incorporates certain aspects of both Universal and Perceptual
Learning Theory. Perception of place of articulation is claimed to
be mediated by innately specified mechanisms sensitive to the
onset spectra of stimuli. By this account, experience presumably
functions to "maintain the integrity of these perceptual
categofies. However, perception of place of articulation is
eventually also mediated by the detection of formant transition
information, once sensitivity to this information is induced by
linguistic experience - specifically, by virtue of the
co-occurrence of these secondary cues with the primary stimulus
attributes that determine the overall shape of the spectrum at
stimulus onset.

By proposing that formant transitions constitute a secondary,
learned cue to place of articulation, Stevens and Blumstein's
theory makes several predictions about infants' perception of
place of articulation (see Walley, 1979). Foremost of these is the
prediction that infants should not be able to discriminate place
of articulation differences in two-formant stimuli, since these
stimuli do not, according to Stevens and Blumstein,. yield the
distinctive, contextually invariant spectra of their full-formant
counterparts and only contain formant transition information.
According to Stevens and Blumstein's theory, formant transitions
provide only a secondary, learned cue to place of articulation and
infants should not, therefore, be able to use this cue to

discriminate two-formant stimuli differing in place of
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articulation in the same way that adults do. If, on the other
hand, formant transitions do constitute the major cue for this
phonetic feature, infants should be able to discriminate
differences in two formant stimuli even without  specific
experiencé with them.

With regard to previous demonstrations that infants
discriminate place of articulation differences (Miller & Morse,
1976; Moffitt, 1971; Morse, 1972; Leavitt et al., 1976), Stevens
and Blumstein would, of course, assert that it is the distinctive
shape of the onset spectra of the three-formant stimuli employed
in these studies which underlies the infant's discrimination.
However, Eimas  (1974) found that infants ©presented with
two-formant stimuli could discriminate labial vs. alveolar stops
which were differentiated solely by the second-formant transition.
It cannot be asserted that discrimination here is mediated by a
divergence in spectral sﬂape if stimuli containing only the first
two-formants do not possess the distinctive and invariant spectra
that three-formant stimuli do. Rather, this suggests that it 1is
the second-formant transition which provides the basis for the
-infant's discrimination, although, according to Stevens and
Blumstein, infants should not be able to use this cue exclusively
in discrimination of place of articulation.

Walley (1979) recently attempted to establish which of these
two theories offers the best account of place perception by
conducting a more extensive examination of infants' discrimination
of place differences in synthetic two-formant stimuli. After the
two-formant stimuli for this test were constructed and their onset
spectra analyzed, it was observed, héwever, that the onset spectra
of the labial and velar stimuli (see Figure 6) were, contrary to
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Stevens and Blumstein's report, wvery similar in overall shape to
those of their full-formant counterparts - a discrepancy which is
perhaps due to the superior quality of more recent digital
synthesizers, the extensive spectrographic analyses and the adult
subject feedback used in construction of Walley's stimuli. Of
course, the two-formant alveolar stimulus differed from the
full—férmant one (an obvious consequence of removing the upper
formants) and was actually very similar to the two-formant velar
stimulus.

These initial findings concerning the onset spectra of the
two-formant stimuli clearlf render Stevehs and Blumstein's
proposal that formant transitions constitute secondary, learned
cues to place o©f articulation of little predictive wvalue in
considering the perception of place of articulation. It may well
be that spectral attributes mediate place perception, but since
the putatively primary, invariant spectral cues +typically are
present even in so-called degraded (i.e., two-formant) stimuli,
there would seem to be no necessity for an infant to learn to use
contextually diverse formant transition starting frequency and
direction as an additional cue to place of articulation (at least
in the case of the 1labial vs. alveolar and labial wvs. velar
two~formant contrasts). Thus, an account in terms of perceptual
learning seems to be ruled out. Moreover, 1if, as Stevens and
Blumstein maintain, 1t is differential sensitivity to spectral

shape that mediates perception of place of articulation
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differences, then infants should indeed be able to discriminate
the labial vs. alveolar and 1labial vs. velar contrasts in the
two-formant stimuli. Although Stevens and Blumstein's theory
actually makes the same predictions about infants' discrimination
of two-formant stimuli as does the the notion that formant
transitions provide the primary cue to this feature, Walley still
hoped to differentiate the two accounts on the basis of their
predictions concerning infants' discrimination of the alveolar vs.
velar two-formant contrast. Because the spectra for these two
stimuli are very similar, infants should not, according to Stevens
and Blumstein's theory, be able to make this discrimination. If
formant transition starting frequency and direction are used as
cues to place of articulation, infants might be expected to
discriminate this contrast as well.

Using a variation of the operant head-turning (OHT) procedure
(Eilers, Wilson and Moore, 1977), 1in which the infant learns to
make a directional head-turn in anticipation of the presentation
of a visual stimulus, which serves as a reinforcer, whenever a

change in a speech stimulus occurs (see Figure 7 for an illustra-

tion of the experimental set-up), Walley (1979) assessed infants'
discrimination of place of articulation differences. She was able
to wverify ©previous reports that prelinguistic infants can
discriminate full cue exemplars of CV syllables differing in place
of articulation (/ba/, /da/ and /ga/). In addition, infants were

also found to be capable of discriminating these contrasts when

152



they are specified by only two-formant, partial cue stimuli. Most
important with respect to Stevens and Blumstein's theory, a number
of infants were able to discriminate the partial cue alveolar vs.
velar contrast. This result 1is not predicted by Stevens and
Blumstein since the onset spectra for these stimuli are very
similar. Moreover, this result would seem to suggest that for the
other two contrasts (labial vs., alveolar and labial vs. velar)
where onset spectra and formant transition cues are confounded, it
mayrbe the latter cue that medlates discrimination.

The infant data on discrimination of place of articulation
differences in two-formant stimuli argue rather strongly agains£
one of the main assertions of Stevens and Blumstein's theory -
namely, that formant transitions constitute only secondary,
learned cues to place of articulation perception in stop
consonants and that onset spectra differences are the primary
mediator of place discrimination. If formant transition starting
fregquency and direction can cue place of articulation, then
obviously these cues are not learned in any traditional sense,
since infants can, indeed, discriminate two-formant stimuli at an
early age. Because formant transition information is contextually
variable, presumably the child would have to learn how contextual
variations in these cues can continue to signal the same place of
articulation - a regquirement which is probably most in accord with
either Universal or Attunement Theory. (However, note that it has
not been determined that infants can discriminate contextual
variations in formant transitions for a given place of
articulation. For example, it is not known whether they can

discriminate /da/ vs. /di/ on the basis of information contained
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only in ﬁhe formant transitions.) Even if onset spectra do mediate
place perception and experience functions simply to maintain
sensitivity to this cue, it appears that contextually invariant
and distinctive spectral cues generally characterize even such
degraded stimuli as two-formant ones and logically there would,
therefore, Ppe little reason for learning to use the secondary
cues. It would, of course, be important to examine the spectra of
other two-formant stimuli containing different vowels to ensure
that this observation can be generalized to other contexts.
Regardless- of which cue infants use to discriminate place
differences then, Stevens and Blumstein's distinction between
primary, innate vs. secondary, learned cues does not seem to be a
valid or useful one for understanding the perception of place of
articulation or its development. (For further criticisms of
Steven's and Blumstein's static theory, see Kewley-Port, 1979).

A strong test of Stevens and Blumstein's theory would entail
manipulating spectral and transitional cues independently of one
another in labial, alveolar and velar stimuli and ascertaining
which cue controls perception. Blthough Walley's (1979) work
revealed that this 1is not possible with two-formant stimuli,
Walley and Carrell (1980) have gathered identification data from
adults for synthetic stimuli which contained conflicting spectral -
onset and transition cues to place of articulation. 1In general,
their results indicate that listeners use transition information
more often than they do spectral information in identifying place
of articulation. The notion that listeners use the dynamic
information contained in formant transitions - i.e., changes in

spectral energy over time, as opposed to the static spectral
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sample at stimulus onset proposed by Stevens and Blumstein, has
served as the basis for some of Kewley-Port's (1979) recent work.

Figure 8 1includes examples of the running spectral displays

used by Kewley-Port to characterize place of articulation in stop

consonants.

IV. Summary and Conclusions

From this consideration of voicing and place perception, it
should be apparent that no one major role of experience discussed
previously can be uniformly invoked to account for the development
of the abilities needed to discriminate the various speech
contrasts found in spoken language. Perception of voicing appears
to be best described by Attunement Theory and 1is subject to
retuning and alignment effects as a result of linguistic
experience. Perception of place of articulation, on the other
hand, may best be accounted for by Universal Theory, where the
effect of experience is to maintain or collapse already specified
perceptual categories. Unfortunately, there 1is, at the present
time, no crosslinguistic adult or infant data on the perception of
place of articulation to further clarify the role of experience in
the development of this distinction. However, this view of the
diverse effects of experience on the development of speech
perception is buttressed by an examination of the course of

perceptual development for other classes of speech sounds, such as
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fricatives, 1liquids and vowels, within the framework being
proposed (for a discussion, see Aslin and Pisoni, 1980b). For
example, the.auditory system of humans may well be specialized for
processing certain very specific types of acoustic attributes at
an early age. If some phonetic contrasts in language happen to
have these distinctive acoustic properties in common, the infant
should be able to discriminate these speech signals with
practically no experience in the language learning environment
short of sensory deprivation. If, on the other hand, a certain
"amount of neural maturation or specific early éxperience. is
required for discrimination, then a delay or developmental lag in
discrimination of these contrasts might be anticipated.

This parallel interactive view of the role of early
experience in the development of speech perception has as a
precedent empirical support from recent work on visual system
development (see Aslin & Dumais, 1980). This work emphasizes the
fact that parallel developmental mechanisms (analogous to three of
the general classes of speech theories discussed) can operate upon
different aspects of the same sensory input. However, only a very
detailed description of the development of discriminative
abilities will permit a distinction between the various types éf
complex interactions between genetic and experiential factors in
determining speech processing capacities. Such a description
requires a better understanding of the infant's basic auditory
capacities and more sophisticated experimental procedures for
measuring discrimination and other aspects of perceptual analysis.
For example, more detailed information about the infant's

frequency resolving capabilities is necessary Dbefore a really
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complete understanding of the infant's perception of more complex
speech stimuli, for example, those involving place contrasts, can
be obtained. Fortunately, these problems are beginning to be
addressed by some researchers (Sinnott, personal communication;
Trehub, Schneider & Endman, 1980). In addition, if questions about
the discriminative abilities of infants to resolve small
differences between speech signals at a purely sensory level are
to be answered, many more data points from individual subjects
need to be obtained to produce more detailed and reliable
discrimination functions (see Aslin et al., 1979; Aslin & Pisoni,
1980b) . Furthermore, to study questions surrounding the
development of perceptual constancy and categorization of speech
signals - abilities that are probably more relevant to the larger
task of language acquisition, measures of generalization and
perceptual similarity analogous to adult identification tasks are
required. These meaéures may prove to be particularly important to
the understanding of language acquisition if they involve the
active engagement of the infant's perceptual, attentional and
cognitive capacities; All of the current measures of infant speech
discrimination capitalize on feflexive (orienting) response
systems to 1indicate perceptual sensitivity. More volitional
response systems, such as manual responding, may provide a better
indication of when +the infant 1s attentive to the task of
responding to various auditory stimuli in a two—choice paradigm.
Such measures, however, will of necessity involve older infants,
and this work has only recently been initiated (e.g., Sinnott,

personal communication).
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Finally, the issue of species-specificity in human speech
perception demands careful analysis and a cautious approach to the
interpretation of data gathered from infants. The analogy between
song learning in various species of birds and speech perception by
hunan infants (e.g., Marler, 1970) is quite seductive. Songbirds
are apparently predisposed to encode, at a preproductive age, a
prototypic "song" £hat is characteristic of their species. Human
infants also appear capable of perceiving the ‘"appropriate"
categories of human speech long before they can actually produce
these sounds. Yet, there is not a single piece of evidence that
any sub-group o©of the human species, when raised in the natural
language environment of another sub-group, fails to acquire the
speech ©perception skills required for that ”ﬁew” language.
Moreover, in the case of VOT, it is quite clear that the basic
species-specific perceptual abiiities are essentially invariant
across a wide variety of linguistic environments. The
cross—language data suggest only that these Dbasic perceptﬁal
sensitivities are modified slightly and occasionally suppressed if
they are not required by a particular language system. The simple
fact that members of a particular language environmen£ can, even
at later ages, acgquire new phonological systems and communicate
effectively (albéit with some productive deficiencies)} argues
strongly against the "template" analogy used in the birdsong
literaturé.

The issue of species-specificity in human speech perception
is also related to the debate over what level of analysis is
operative in early speech perception. If an aspect of a human

adult's performance, when presented with speech signals, appears
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to be unique to speech, it 1s absolutely essential that
appropriate controls are used before concluding that speech
signals are processed in a special way and that this specialized
processing is related to the phonological rule system of a natural
language. For example, categorical perception was initially
thought to be unique to speech. Later, however, three types of
control studies completely eliminated this claim. First, nonspeech
signals, perceived by adults as meaningless auditory signals,
yielded categorical identification and discrimination functions.
Second, nonhumans, that do not use human speech signals in a
communicative manner, produced similar categorical data. Third,
studies of adults from different language environments, when
presented with phonologically-irrelevant speech signals, also
yielded <categorical data. To <claim, therefore, that the
categorical nature of the infant speech perception data supports a
specialized, phonetic mode of processing that has a biological
basis (i.e., 1is species-specific), is clearly unjustified at the
present time. Similarly, more recent claims (Eimas, 1980; Eimas &
Miller, 1980) concerning the "unique" context dependent nature of
the perception of certain speech sounds must again be evaluated
with caution until the appropriate control studies have been
conducted (e.g., see Pisoni, Carrell & Gans, 1980). If the context
dependency is present in nonspeech signals, in nonhumans, and in
adults from other language communities, then this “specialized"
speech mechanism will also have to join the ranks of those general
characteristics of the mammalian auditory system that are used by
the phonological systems of natural languages to support the

perception (and perhaps production) of speech. To claim that human
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infants perceive speech phonetically because their discrimination
data 1indicate contextual dependency effects makes the same
premature and logical error that characterized the first infant
studies on voicing percepticon. A remarkable amcunt of empirical
data on infant speech perception has been gathered since the first
studies in the early 1970's, but research in this field must,
however, strive for the methodological and interpretive rigor that

is found in other areas of experimental psychology.

160



References

Aslin, R. N. & Dumais, S. T. Binocular vision in infants: A review
and a theoretical framework. In L. Lipsitt and H. Reese (Eds.),

Advances in Child Development and Behavior, Volume 15, 1980 (In

press) .

Aslin, R. N., Hennessy, B. L., Pisoni, D. B. & Perey, A. J.
Individual infants' discrimination of VOT: evidence for three

modes of voicing. Research on Speech Perception Progress Report

No. 5, Indiana University, 1979, 347-369.
Aslin, R. N. & Pisoni, D. B. Effects of early 1linguistic

experience on speech discrimination by infants: A critique of

Eilers, Gavin, and Wilson (1979). Child Development, 1980, 51,

107- 112. (a)

Aslin, R. N. & Pisoni, D. B. Some developmental processes in
speech perception. In G. Yeni~-Komshian, J. F. Kavanagh & C. A.

Ferguson (Eds.), Child Phonology: Perception and Production.

New York: Academic Press, 1980 (In press). (b)
Bailey, P. J., Summerfield, Q. & Dorman, M. On the identification
of sine-wave analogues of certain speech sounds. Haskins

Laboratories: Status Report on Speech Research, SR-51/52, 1977.

Blakemore, C. The conditions required for the maintenance of

binocularity in Xkittens' visual cortex. Journal of Physiology

(London), 1976, 261, 432-444.
Bush, L. & Williams, M. Discrimination by young infants of voiced

stop consonants with and without release bursts. Journal of the

Acoustical Society of America, 1978, 63 (4), 1223-1226.

16l



Carney, A. E., Widin, G. P. & Viemeister, N. F. Noncategorical

perception of stop consonants differing in VOT. Journal of the

Acoustical Society of America, 1977, 62, 961-970.

Chomsky, N. & Halle, M. The Sound Pattern of English. New York:

Harper and Row, 1968.
Chomsky, N. & Miller, G. A. Introduction to the formal analysis of

natural languages. In R. D. Luce, R. Bush & E. Galanter (Eds.),

Handbook of Mathematical Psychology, Vol. 2. New York: John

Wiley and Sons, 1963, 269-231.
Cooper, F. S., Delattre, P. C., Liberman, A. M., Borst, J. M. &

Gerstman, L. J. Some experiments on the perception of synthetic

speech sounds. Journal of the Acoustical Society of America,

1952, 24 (6), 597-606.

Cutting, J. E. & Rosner, B. S. Categories and boundaries in speech

and music. Perception and Psychophysics, 1974, 16, 564-570.

Danaher, E. M., Osberger, M. J. & Pickett, J. M. Discrimination of
formant frequency transitions in synthetic vowels. Journal of

Speech and Hearing Research, 1973, 16, 439-451.

Delattre, P. C., Liberman, A. M. & Cooper, F. S. Acoustic loci and

transitional cues for consonants. Journal of the Acoustical

Society of BAmerica, 1955, 27 (4), 769-773.

Eilers, R. E. Context sensitive perception of naturally produced

stop and fricative consonants by infants. Journal f the

Acoustical Society of America, 1977, 61 (5), 1321-1336.
Eilers, R. E., Gavin, W. & Wilson, W. R. Linguistic experience and

phonemic perception in infancy: a cross linguistic study. Child

Development, 1979, 50, 14-18.

162



Eilers, R. E., Wilson, W. R. & Moore, J. M. Developmental changes

in speech discrimination in infants. Journal of Speech and

Hearing Research, 1977, 20, 766-780.

Eimas, P. D. Auditory and linguistic processing of cues for place

of articulation by infants. Perception and Psychophysics, 1974,

16 (3), 513-521.

Eimas, P. D. Developmental aspects of speech perception. In R.
Held, H. W. Leibowitz & H.-L. Teuber (Eds.), Bandbook of

Sensory Physiology Vol VIII: Perception. Berlin: Springer

Verlag, 1978.

Eimas, P, D. Infant speech perception: Issues and models. Paper
presented at thg C. N. R. S. Confgrence in Paris, France, June
15-18, 1980.

Eimas, P. D.lSpeech perception in early infancy. In L. B. Cohen &

P. Salapatek (Eds.), Infant Perception, Vol. 2. HNew York:

Academic Press, 1975.

Eimas, P. D. & Miller, J. Contextual effects in infants speech
perception. Science, 1980 {In press).

Eimas, P. D., Sigqueland, E. R., Jusczyk, P. W. & Vigorito, J.
Speech perception in infants., Science, 1971, 171, 303-306.

Fantz, R. L., Fagan, J. F., III, & Miranda, S. B. Early visual

sensitivity. In L. B, Cohen & P. Salapatek (Eds.}, Infant

Perception: From Sensation to Cognition, Volume I, Basic Visual

Processes. New York: Academic Press, 1975.
Fodor, J. A., Garrett, M, F. & Brill, S. L. Pi ka pu: The
perception of speech sounds by prelinguistic infants.

Perception and Psychophysics, 1975, 18, 74-78.

163



Fry, D. B. The development of the phonological system 1in the

normal and deaf child. In F. Smith & G. A. Miller (Eds.), The
Genesis of Language. Cambridge, Mass.: M.I.T. Press, 1966.
Gesell, A. L. & Ames, L. B. The ontogenetic organization of prone

behavior in human infancy. Journal of Genetic Psychology, 1940,

56, 247-263.

Gottlieb, G. Development of species identification in ducklings:
I. Nature of perceptual deficit caused by embryonic auditory

deprivation. Journal of Comparative and Physiological

Psychology, 1975, 89, 387-399.

Gottlieb, G. Conceptions of prenatal development: Behavioral

embryology. Psychological Review, 1976(a), 83, 215-234.

Gottlieb, G. The roles of experience in the development of
behavior and the nervous system. In G. Gottlieb (Ed.), Neural

and Behavioral Specificity. New York: Academic Press, 1976(b).

Grobstein, P. & Chow, K. Receptive field organization in the
mammalian visual cortex: The role of individual experience in

development. In G. Gottlieb (Ed.), Neural and Behavioral

Specificity. New York: Academic Press, 1976.

Hess, E. H. "Imprinting" in a natural laboratory. Scientific

Bmerican, 1972, 227, 24-31.

Hirsh, I. J. Auditory perception of temporal order. Journal of the

Acoustical Society of America, 1959, 31, 759-767.

Hockett, C. F. A Course in Modern Linguistics. New York:

MacMillan, 1958.
Hubel, D. H. & Wiesel, T. N. Binocular interaction in striate

cortex of kittens reared with wvisual squint. Journal of

Neurbphysiology, 1965, 28, 1041-1059.

164



Hubel, D. H. & Wiesel, T. N. The period of susceptibility to the
physiological effects of unilateral eye closure in kittens.

Journal of Physiology (London), 1970, 206, 419-436.

Jakobson, R., Fant, C. G. M. & Halle, M. Preliminaries to Speech

Analysis. Technical Report No. 13 Acoustics Laboratory,

Massachusetts Institute of Technology, May, 1952.
Jusczyk, P. W. -Infant speech perception: A critical appraisal. In

P. D. Eimas & J. L. Miller (Eds)., Perspectives on the Study of

Speech. Hillsdale, N.J.: Lawrence Erlbaum Associates, 1980.
Jusczyk, P. W., Pisoni, D. B., Walley, A. & Murray, J.

Discrimination of relative onset time of two-component tones by

infants. Journal of the Acoustical Society of America, 1980,

67, 262-270.

Jusczyk, P. W., Rosner, B. S., Cutting, J. E., Foard, C. F. &
Smith, L. B. Categorical perception of non-speech sounds by

two-month-old infants. Perception and Psychophysics, 1977, 21,

50-54.

Kewley-Port, D. Continuous spectral change as acoustic cues to

place of articulation. Research on Speech Perception Progress

Report No. 5, Indiana University, 1979, 327-346.

Kuhl, P. K. Speech perception in early infancy: The acquisition of
speech-sound categories. In S. K. Hirsh, D. H. Eldredge, I. J.

Hirsh & S. R. Silverman (Eds.), Hearing & Davis; Essays

Honoring Hallowell Davis. St. Louis, Mo.: Washington University

Press, 1976.

Kuhl, P. K. & Miller, J. D. Speech perception in the chinchilla:
Voiced-voiceless distinction in alveolar plosive consonants.

Science, 1975, 190, 69-72.

165



Kuhl, P. K. and Miller, J. D. Speech perception by the chinchilla:
Identification functions for synthetic VOT stimuli. Journal of

the Acoustical Society of America, 1978, 63, 905-917.

Lasky, R. E., Syrdal-Lasky, A. & Klein, R. E. VOT discrimination
byfour and six and a half old infants from Spanish

environments. Journal of Experimental Child Psychology, 1975,

20, 215-225.

Leavitt, L. A., Brown, J. A., Morse, P. A. & Graham, F. K. Cardiac
orienting and auditory discrimination in 6-week infants.

Developmental Psychology, 1976, 12, 514-523.

Liberman, A. M., Cooper, F. S., Shankweiler, D. P. & Studdert-

Kennedy, M. Perception of the speech code. Psychological

Review, 1967, 74, 431-461l.
Liberman, A. M., Delattre, P. C. & Cooper, F. S. The role of
selected stimulus variables in the perception of the unvoiced

stop consonants. American Journal of Psychology, 1952, 65,

497-516.
Liberman, A. M., Harris, K. S., Kinney, J. A. & Lane, H. The
discrimination of relative-onset time of the components of

certain speech and nonspeech patterns. Journal of Experimental

Psychology, 1961, 61, 379-388.

Liberman, A. M. & Studdert-Kennedy, M. Phonetic perception. In R.
Held, H. Leibowitz & H. L. Teuber (Eds.), Handbook of Sensory

Physiology: Perception. New York: Springer-Verlag, 1978.

Lisker, L. & Abramson, A. S. A cross language study of voicing in

initial stops: Acoustical measurements. Word, 1964, 20,

384-422.

166



Lisker, L. & Abramson, A. S. The voicing dimension: Some

experiments in comparative phonetics. In Proceedings of the

Sixth International Congress of Phonetic Sciences, Prague,

1967. Prague: Academia, 1970.
Marler, P. A comparative approach to vocal learning:; song

development in white crowned sparrows. Journal of Comparative

and Physiological Psychology, Monograph, 1970, 71 (2), Part 2,

1-25.

Miller, C. L. & Morse, P. A. The "heart" of categorical speech
discrimination in young infants. (Research Status Report No. 1)
Madison: University | of Wisconsin, Infant Development
Laboratory, August, 1975.

Miller, J. D., Wier, C. C., Pastore, R., Kelley, W. J. & Dooling,
R. J. Discrimination and labeling of noise-buzz sequences with

varying noise-lead times: An example of categorical perception.

Journal of the Acoustical Society of America, 1976, 60 (2),

410-417.

Miyawaki, K., Strange, W., Verbrugge, R., Liberman, A. M.,
Jenkins, J. J. & Fujimura, O. An effect of linguistic.
experience: The discrimination of [r] and [1] by native

speakers of Japanese and English. Perception and Psychophysics,

1975, 18, 331-340.
Moffitt, A. R. Consonant cue perception by'twenty—four—week—old

infants. Child Development, 1971, 42, 717-731.

Morse, P. A. The discrimination of speech and nonspeech stimuli in

early infancy. Journal of Experimental Child Psychology, 1972,

14, 477-492.

167



Pisoni, D. B. Identification and discrimination of the relative
onset of two-component tones: Implications for the perception

of voicing in stops. Journal of the Acoustical Society of

America, 1977, 61, 1352-1361.

Pisoni, D. B. Some remarks on the perception of speech and
nonspeech signals. Research on Speech Perception Progress:

Report No. 5, Indiana University, 1979, 305-325.

Pisoni, D. B. Speech perception. In W. K. Estes (Ed.), Handbook of

of Learning and Cognitive Processes. Volume 6. Hillsdale, N.

J.: Lawrence Erlbaum Assoclates, 1978.

Pisoni, D. B., Aslin, R. N., Perey, A. J. & Hennessy, B. L.
Identification and discrimination of a new linguistic contrast:
Some effects of laboratory +training on speech perception.

Research on Speech Perception Progress Report No. 4, Indiana

University, 1978, 49-112.
Pisoni, D. B., Carrell, T. D. & Gans, S. J. Perception of the
duration of rapid spectrum changes 1in speech and nonspeech

signals. Research on Speech Perception Progress Report No. 6,

Indiana University, 1980 (In press).
Pisoni, D. B. & Lazarus, J. H. Categorical and noncategorical
modes of speech perception along the voicing continuum. Journal

of the Acoustical Society of America, 1974, 55, 328-333.

Riley, D. A. Discrimination Learning. Boston: Allyn and Bacon,

1968.

Schatz, C. The role of context in the perception of stops.

Language, 1954, gg, 47-56.

Searle, C. L., Jacobson, J. E. & Rayment, S. G. Phoneme

recognition based on human audition. Journal of the Acoustical

Society of America, 1979, 65, 799-809.

168



Shiffrin, R. M. & Schneider, W. Controlled and automatic human

information processing: II. Perceptual learning, automatic

attending and a general theory. Psychological Review, 1977, 84,

127-190.

Stevens, K. N. The quantal nature of speech: Evidence from

articulatory-acoustic data. In E. E. David, Jr. & P. B. Denes

(Eds.), Human Communication: A Unified view. New York: McGraw

Hill, 1972.
Stevens, K. N. The potential role of property detectors in the
perception of consonants. In G. Fant & M. A. A. Tatham (Eds.),

Auditory Analysis and Perception of Speech. New York: Academic

Press, 1975,

Stevens, K. N. & Blumstein, S. E. Invariant cues for place of

articulation in stop consonants. Journal of the Acoustical

Society of America, 1978, 64 (5), 1358-1368.

Stevens, K. N. & Blumstein, S. E. Perceptual invariance and onset
spectra for stop consonants in different vowel environments.

Journal of the Acoustical Society of America, 1980, 67 (2),

648-662.

Stevens, K. N. & Blumstein, S. E. Quantal aspects of consonant
production and perception: A study of retroflex consonants.

Journal of Phonetics, 1975, 3, 215-234.

Stevens, K. N. & Halle, M. Remarks on analysis by synthesis and

distinctive features. In W. Wathen-Dunn (Ed.), Models for the

Perception of Speech Visual Form. Cambridge, Ma.: Academic

Press, 1967.

Stevens, K. N. & House, A. S. Speech perception. In J. Tobias

(Ed.), Foundations of modern auditory theory: Volume II. New

York: Academic Press, 1972.

169



Stevens, K. N. & Klatt, D. H. Role of formant transitions 1in the

voiced- voiceless distinction for stops. Journal of the

Acoustical Society of America, 1974, 55, 653-659.

Strange, W. & Jenkins, J. J. The role of linguistic experience in
the perception of speech. In H. L. Pick, Jr. & R. D. Walk

(Eds.), Perception and Experience. New York: Plenum Publishing

Corp., 1978.

Streeter, L. A. Language perception of two-month o0ld infants shows
effects of both innate mechanisms and experience. Nature, 1976,
259, 39-41.

Trehub, S. E., Schneider, B. A. & Endman, M. Developmental changes
in infants' sensitivity to octave-band noises. Journal of

Experimental Child Psychology, 1980, 29, 282-293.

Walley, A. Infants' discrimination of full and partial cues to

place of articulation in stop consonants.. Research on Speech

Perception Progress Report No. 5, Indiana University, 1979,

85-145,

Walley, A. (. & Carrell, T. D. Onset spectra vs. formant
transitions as cues to place of articulation. Unpublished

manuscript, 1980.
Williams, C. L. Speech perception and production as a function of

exposure to a second language. Doctoral Dissertation, Harvard

University, 1974.

170



~

Figure Captions

Figure 1. Adult labeling functions for synthetic labial,
apical and velar stop consonants differing in VOT obtained from
native speakers of English, Thai and Spanish (redrawn from Lisker

& Abramson, 1967).

Figure 2. Average identification and ABX discrimination
functions for two category (Group 1) and three category (Group II)

labeling of synthetic VOT (from Pisoni et al., 1978).

Figure 3. Illustration of the major roles that early
postnatal experience can play in modifying the relative
discriminability of speech sounds. Three general classes of

theories are shown here to account for the development of speech
sound discrimination: Universal theory, Attunement theory and

Perceptual Learning theory (from Aslin & Pisoni, 1980Db).

Figure 4. 0ddity discrimination data obtained from adult
speakers of Thai and English for synthetic bilabial stop -

consonants differing in VOT (redrawn from Lisker & Abramson,

1967).

Figure 5. Representation of the context—independentvspectfa
associated with the 1labial, alveolar and velar places of
articulation with release bursts present (after Stevens and

Blumstein, 1978).
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Figure 6. Onset spectra for the full and partial cue labial,

alveolar and velar stimuli used by Walley (1979).

Figure 7. Testing set-up in the sound-attenuated booth
employed for testing infants' discrimination in the operant

head-turning paradigm (from Aslin et al., 1979).
Figure 8. Running spectral displays of the three voiced

stops, /b/, /d/ and /g/ in different vowel environments (from

Kewley-Port, 1979).
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Abstract
Phoneme-monitoring and word-monitoring are two experimental
tasks that have frequently been used to assess the processing of
fluent speech. FEach task is purported to provide an "on-line"
measure of thé comprehension process, and each requires iisteners

to pay conscious attention to some aspect or property of the

sound structure of the speech signal. The present study is
primarily a methodological one directed at the following
question: Does the allocation of processing resources for

conscious analysis of the sound structure of the speech signal
affect on-going comprehension processes, or the ultimate level of
understanding achieved for the content of the linguistic message?
Our subjects listened to spoken stories. Then, to measure their
comprehension, they answered multiple-choice questions about each
story. During some s*tories they were required to detect a
specific phoneme; during other stories they were required to
detect a specific word; during other stories they were not
required to monitor the utterance for any target. The monitoring
results replicated earlier findings showing 1longer detection
latencies  for phoneme-monitoring than for word-monitoring.
Somewhat surprisingly, the ancillary phoneme- and word-monitoring
tasks did not adversely affect overall comprehension performance.
This result undermines the specific criticism that on-line
monitoring paradigms of this kind should not ©be used to study

spoken language understanding because these tasks interfere with

normal comprehension.
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Effects of Target Monitoring on
Understanding Fluent Speech®

Michelle A. Blank, David B. Pisoni and Cynthia L. McClaskey

When faced with the task of understanding spoken language,
listeners are rarely consgious of the sound structure of an
utterance. The primary focus of the listeners conscious
awareness of the speech signal is directed towards understanding
the content of the message and not in analyzing its constituent
elements (viz. the individuval phonemes, syllables, or words).
Despite this observation, subiects are nevertheless able to make
reliable djudgments about the detaliled properties of the sound
structure of an utterance while at the same time also devoting
efforts toward comprehending the message. This has baen
demonstrated numerous times in experiments using paradigms such
as phoneme-monitoring, word-monitoring, and mispronunciation
detection (see, e.g., Cole & Jakimik, 1980: Poss & Blank, 1980;
Marslen-Wilson & Tyler, 1980).

Phoneme=monitoring, word-monitoring, and mispronunciation
detection are representative of a class of experimental
techniques that have been used gquite often to assess varilous
components of fluent speech comprehension. Each of these tasks
has been assumed to provide a measure of on-going comprehension
procosses. All involve latency measures and all are assumed to
index “momentary processing load" during fluent speech
perception. Each task explicitly entails directing the subjects’
attention to some property of the sound structure of the speech
signal while at the same time requiring listeners to comprehend
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the utterance. (See Levelt, 1978, for an extensive review of
studies usng tasks of this kind.)

Even though these tasks have been used extensively in the
past, only recently has an interest developed in specifing the
perceptual and cognitive processes involved in the tasks
themselves (see, e.g. Blank, 1980a; Foss & Blank, 1980;
Rudnicky, 1980). Other than some speculation among theorists,
there 1is still relatively little known about the effects of the
task demands of target monitoring on comprehension performance.
This lack of knowlege on our part is by no means trivial. After
all, task demands in psychological experiments, particularly
experiments involving 1linguistic materials, have been shown to
affect the perceptual organization and encoding of the stimuli
(e.g., Ammon, Ostrowski and Alward, 1971; Aaronson, 1976; Cary,
1971). Thus, the validity of phoneme-monitoring, word-monitoring
and mispronunciation detection. tasks as measures of on-going
language comprehension would appear to be 1limited without much
more detailed knowledge about how these tasks affect the normal
processes of spoken language understanding. We would not want to
base our theoretical accounts of spoken language comprehension on
experimental paradigms which may disrupt the integrity of the
very processes we wish to study.

In this paper, we are interested in the following specific
issue: Does the conscious allocation of processing resources to
different levels of the sound structure of the speech signal
affect the way listeners process the utterance and the ultimate
level of understanding achieved for the content of the message?

The experiment reported here is a preliminary investigation that
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examines the potential interferring effects of phoneme-monitoring
and word-monitoring on the normal comprehension process. Suppose
we find that comprehension is impaired by performing the
ancillary task of monitoring the speech signal for a phoneme or
word throughout a passage of connected discourse. This result
would then have to be taken intoc account when drawing inferences
about language comprehension from monitoring data of this type.
If we find deleterious effects of phoneme- and word- monitoring
on comprehension in the present experiment, then we will have
empirical justification to extend our criticisms to other popular
on-line measures of fluent speech decoding, such as
mispronunciation detection and speech shadowing.

By examining listeners' performance on various kinds of
comprehension gquestions as a function of different monitoring
conditions, we hope to learn something about the specifiec task
demands of phoneme- and.wﬂrd—mcnitcring and how they may interact
with ordinary comprehension processes. Of primary interest in
the present study is the comparison of comprehension performance
in the two monitoring conditions, on the one hand, with a
non-monitoring control condition, on the other hand.

The other important question which this study addresses is
whether monitoring at the word level will have the same effects
on comprehension as monitoring at the phoneme level. The answer
to this question bears directly on the roles of lexical and
phonemic representations in speech processing. Several theorists
have argued that the computation of phonemic information is not a
basic, or even necessary, process in the perception and

comprehension of fluent speech (Klatt, 1979; Marslen-Wilson &
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Tyler, 1980; Morton & Long, 1976; Warren, 1976). Instead,
these investigators claim - that 1lexical and not phonemic

representations play a primary role in understanding spoken
language._ If this view of the primacy of lexical interpretation
in speech understanding is legitimate, then we might expect
phoneme-monitoring to interfere with on-going comprehension
processes more than word-monitoring. On the other hand, if
phonemic as well as lexical representations are normally computed
during fluent speech processing (see, Foss and Blank ,1980;
Blank ,1980b), then both word- and phoneme-monitoring tasks might
be expected to have more-or-less comparable effects on
comprehension processes. Both targeting conditions would,
nevertheless, be expected to produce selective decrements 1in
comprehension performance when compared to the'non—monitoring

control condition. Both targeting tasks explicitly require a

listener to make an overt response about a specific property or
attribute of the éound structure of the speech signal that is not
typically Dbrought to conscious awareness during the usual course
of sentence processing and language comprehension activities. A
monitoring task that requires explicit attention to sound

attributes may promote and perhaps even require the wuse of

special perceptual and cognitive strategies. This, in turn, may
adversely affect comprehension in ways that are currently
unknown.
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Design: Twelve narrative stories were choosen from several
published adult reading or listening comprehension tests. (See

Table 1 for the exact details of the passages.) In order for each
of the stéries to occur 1in the three experimental conditions
(viz. non- monitoring, word-monitoring, and phoneme-monitoring),
three sets of tapes were constructed. Each set contained all 12
stories; four of the stories in the three sets came from each.of
the three conditions. The experiment was therefore a three
(monitoring: none/word/phoneme) x three (tape sets) factorial
design with the former variable within-subijects ahd the latter
between-subjects. The comprehension test questions for each

story were identical across the three tape sets.

Materials: A female speaker (MAB) recorded all 12 stories
on one track of an audio tape with a professional quality
microphone and tape recorder in a sound attenuated IAC booth.

Each story on this master tape was preceded by the word "Ready"

and three targets specifications (viz. "Do not 1listen for any
target"; "Listen for the target word "s "Listen for the
target sound "). Initially, four (of the total 12) stories

were randomly assigned to each of the monitoring conditions.
Then, using a roll-over design, the three tape sets were made by
cross~recording the master tape and editing the target
specifications so that each story occurred 1in each monitoring

condition across the tape sets.
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Presentation of the stories for each tape set was blocked by

monitoring condition. Order of presentation of the monitoring

condition was counter-balanced for each tape set. Thus, a tape
set consisted of three tapes which differed only in the order of
condition pPresentation. A total of nine tapes were
cross-~recorded.

The phoneme targets in the phoneme-monitoring condition
consisted of all and only the word-initial phonemes of the word
targets 1in the word—monitoring condition. A marking tone,
inaudible to subjects, was placed on the second track of the
audio tapes at the beginning of each word-initial target phoneme
(or target word). The tone started a timer whichlstopped when
subjects presgsed a reponse button. Timing and data collection
were controlled by a PDP 11/05 computer.

Response booklets for meésuring comprehension of the stories
were prepared for each tape. The booklets contained a wvarying
number of multiple-choice questions keyed to each story. The
order of pages was determined by the presentation schedule of the
stories on a given audio tape. Performance on these post-test
questions was used to provide an objective measure of listening
comprehension. There were a total of 48 questions. Twenty
questions were factual in nature, requiring nothing more than
recall of some explicitly stated information contained in the
Story; the remaining 28 <questions required listeners to
understand the implications of ideas and propositions expressed

in the passages and to integrate these ideas with general

knowledge.
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Subjects: Forty-two naive students at Indiana University in
Bloomington served as paid subjects in this study. They were
recruited by means of an advertisement, and each reported no

history of a hearing or speech disorder at the time of testing.
The subjects were all right-handed, native speakers of English.

Fourteen subjects were assigned to each tape set.

Procedure: Subjects were tested in groups of one to five.
Each subject was seated 1in a booth out of direct sight of the
others in a small testing room wused for speech perception
experiments.

Prerecorded instructions were presented at the beginning of
each tape. The instructions and stories were presented
binaurally over TDH-39 headphones. A typed copy of the
instructions was placed at the front of each booklet to allow
subjects to read along as the instructions were read aloud.
Typed copies of the stories were not available to subjects.

The instructions emphasized that the primary concern of the
experiment was to study how listeners understand and remember
spoken stories. Subjects were told that they would hear several
short stories about a wide variety of topics and that their task
was to answer the multiple-choice questions keyed to each story.
They were told to .do as well as they could Dbased on the
information contained in the story they heard.

Subjects were also told that for some stories they would
also be asked to listen for a particular target; either a word
target or a word-initial sound target would be specified before
the start of each story. In these cases each subject was

required to press a response button in front of them whenever
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they detected the presence o©f a particular target. The
instructions emphasized that it was important to listen for the
target throughout the entire story because it would occur several
times. Speed and accuracy of responding were also stressed.
Subjects were explicitly +told, however, not to let the task of
listening for a target interfere with their attempts to
understand the story because they would still have to answer

comprehension gquestions about stories with targets in them.

Subjects were presented with the test stories in a
self-paced format. The experimenter was present in the testing
room and operated the tape recorder wvia remote control. Each

story was presented only once for listening. After each story,
subjects immediately turned their booklets to the appropriate set
of test gquestions and answered them by circling one of several

response choices in pencil. .

Subjects heard three practice stories, one from each
monitoring condition before actual testing began. They answered
two comprehension questions for each practice story. After the

experimenter answered dquestions clarifying the procedures and
instructions, the test stories were presented. The entire

experiment lasted about 45 minutes.

Results
Mean latencies for the phoneme- and word-monitoring
conditions were computed for each subject. These means were

based on all reaction times that were longer than 100 msecs and
shorter than 1600 msecs. Reaction times outside this range were
presumed to reflect anticipation, momentary inattention, or some

other type of wunusual processing strategy on the part of the
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listener. The overall means for the phoneme- and word-monitoring

conditions are shown in Table 2. The total number of missed

targets for these conditions was also computed for each subiject.

Table 2 presents the mean number of misses for both monitoring

conditions.

As shown in Table 2, monitoring 1atenciés are shorter for
detecting words than phonemes. The observed pattern of reaction
times is consistent with other reported findings of shorter
latencies to word targets than to phoneme targets (see, e.g.,
Foss & Swinney, 1973; Savin & Bever, 1970). The results of a
t-test for matched samples showed that the 93 msec difference'
between the two conditions was highly significant [t(41]) = 4.68,
p<.001].l_ The ‘difference between the mean number of misses for
word and phoneme targets, though small, was also reliable by a
t-test for independent samples [t(82) = 2.91, p<.01l].

The multiple-choice comprehension questions for each of the
twelve stories were scored separately for each subject. A

composite error score was then obtained by accumulating across

subjects, the individual error scores for all the stories within
each monitoring condition. This value was then expressed as a
percentage of the total possible errors. The overall error

scores for the three monitoring conditions were word-monitoring:
27.3%; phoneme-monitoring: 30.5%:; control: 26.5%. These data
are shown 1in panel A of Figure 1. None of the planned

comparisons using independent t-tests resulted in significant
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differences among the three conditions.

Panel B of Figure 1 presents comprehension performance for

each monitoring condition broken down in terms of errors on
inferential and factual questions. For inferential questions
error scores were: word-monitoring: 30.8%: phoneme-monitoring:
31.1%; control: 28.8. For factual questions error scores were:
word—monitbring: 22.5%; phoneme-monitoring: 25.7%%; control:
21.1%. None of the error scores on the inferential gquestions
were significantly different from one another. This was also

‘true for performance on the factual questions.

Discussion

Overall performance on the comprehension questions suggests
that conscious focusing of a listener's attention on properties
of the sound structure of the speech signal does not adversely
affect spoken language understanding (at least under the
conditions examined in the present experiment}. Comprehension
questions were responded to at similar levels in the word-,
phoneme-~ and non-monitoring conditions. It 1is noteworthy that
the level of comprehension performance observed 1in this
experiment, about 70% correct, is similar to that obtained 1in a
recent listening comprehension study reported by Pisoni (1979)
using synthetic speech produced by ruie. The approximate 30%
error rate indicates that the level of AJdifficulty of these
stories was relatively high. Such per formance levels reduce the

possibility that the comprehension task was so easy for listeners
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that the expected monitoring by comprehension interaction would
not be observed due to the presence of ceiling effects.2

The absence of a significant monitoring Dy comprehension
interaction in this study is important because critics of on-line
monitoring paradigms as measures of listening comprehension have
assumed, without empirical support, that consciocus attention to
the sound stucture of an utterance at any level interferes with
normal comprehension. Since the existence of a monitoring x
comprehension interaction was an intuitively sound prediction, it
is guite appropriate to examine any, and all, reasonable
alternative interpretations of the present findings.

Perhaps subjects <chose to sacrifice performance on the
monitoring task to 1insure the availability of processing
resources for comprehension. This possibility seems ruled out on
several accounts. TFirst, as already pointed out, the pattern of
monitoring latencies reported here replicates earlier findings of
shorter RTs to word targets than to phoneme targets. Second,
absolute RTs for word and phoneme targets are also gquite similar
to earlier studies (about 500 msecs). Third, the number of
detection misses obtained for each target type are 1n reasonable
accord with other monitoring studies (about four percent).
Ffourth, as in other monitoring studies, there is no evidence of a
speed-accuracy trade~off.

The reasonable conclusion to draw from the present data,
then, 1is that 1listening comprehension does not appear to be
impaired by simultaneous monitoring of single words or phonemes.
This 1is an unexpected result for it undermines the specific

criticism that on-line monitoring paradigms of this kind
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interfere with normal speech processing. More specifically,
phoneme- and word-monitoring data may not be neglected on the
grounds that the tasks interfere with normal comprehension.

In the introduction we asked whether monitoring at the word
level would have the same effects on comprehension as monitoring
at the phonemic level. We hoped that the énswer to this question
would provide some insights into the respective roles of lexical

and phonemic representations in speech processing. The present

findings do not support the view that only lexical representation

play a «critical role 1in understanding spoken language (as
Marslen-Wilson & Tyler, 1980, have claimed). This view would
predict that word- and phoneme-monitoring should have
differential_ effects on comprehension performance; our results
show they did not. The finding of equivalent effects 1is
consistent with the .view that both  phonemic and lexical
representations are normally computed during fluent speech

processing, and that both are important for spoken language*
understanding (see, e.g., Foss & Blank, 1980). We find 1little
evidence to support the contention that one level (lexical) is
more primary or central than another (phonemic) to understanding
fluent speech.

The present results indicate that the ultimate level of

understanding achieved for the content of a spoken message is

unaffected by an ancillary monitoring task. The present results
do not, however, shed 1light on whether on-going comprehension
processes are affected by the task demands of word- or
phoneme—monitoring. It may be, for example, that monitoring

slows down the speed at which listeners can execute the processes
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involved in comprehension, while leaving the end-product ({namely,
understanding) intact. An ~ empirical test of this requires
collecting latencies to comprehension questions as well as error
rates. Experiments of this kind currently underway in our
laboratory.

In summary, the results o0f the present study suggest that
spoken language understanding is not adversely affected by
simul taneous, conscious monitoring of phonemic or lexical
properties of the speech signal. Subject's understanding of
spoken stories, as measured b? performance on multiple-choice
comprehension questions, did not differ across phbneme—, word-,
and no-monitoring conditions. This result calls 1into guestion
the specific c¢claim that target monitoring tasks selectively

interfere with understanding fluent speech.
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Footnotes
This paper 1s based on research conducted at Indiana
University in Bloomington. The work reported here was suppor ted
by NIH training grant NS-07134-01 and NIMH research grant
MH-24027-06. We thank Jerry C. Forshee and David Link for their
technical help, and Robert E. Remez for comments on an earlier
draft of the paper. Reprints may be obtained £from either
Michelle Blank at Bell Laporatories, Whippany, New Jersey, 07981,
or David Pisoni at Indiana University.
1 The interested reader is referred to Foss, Harwood and

Blank (1980) for a recent discussion of previous interpretations

ascribed to this reaction time difference. In particular, Foss
et al discuss why it is a mistake to assume the following: (1)
that the order of reaction times obtained in monitoring

experiments reflects the order in which perceptual entities (like
phoneme and words) are derived by listeners, and (2) that the
perceptual entities derived the earliest are the primary units
for speech processing. .These two theoretically naive assumptions
have led some theorists to conclude, apparently prematurely, that
monitoring latencies are shorter for words than for phonemes
pecause the former, not the latter, are the basic units of speech
perception.

2 Were we to have increased the difficulty of the subsidary
monitoring task by requiring detection of several different
target items, we might have succeeded in affecting comprehension
per formance (see, e.g., Logan, 1979). Such a finding, while
interesting in and of itself, would not weaken any of the

conclusions drawn from the present study. After all, the
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standard methodology used in monitoring experiments investigating

fluent speech processing does not involve listening for several

different target items.
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Table 1

Degcription of Stories and Questions
Used to Messure Comprehension

Story Husher Target Target Target
Numbwe r General Toplce of Words Fhoneme Word Frequency
1 Measuring Scar 161 fd/ distance é
Distances
2 Verbal 115 e/ group 5
Communication
3 An Outdoor 278 e/ green 3
Scene
& Ingufficient 361 s/ behavior B
Oxygen
5 Aluminum 21 Im/ metal 5
3 Carbon Dating 374 fef carbon 14
7 The American a0 [T both 5
Farty System
B Effeccive 353 fef talk 12
Communication
g Baskethall 270 fm! men 4
10 Science Fictiom | e/ books 5
11 Zelf- 223 fel goal 2
Actualization
12 Hair Todav: 313 nf bald 140

Goneg Tomd oo

Ho. of Comprehension Questions

Factual

Inferential

Taral
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Table 2
Mean latencies {msecs) and mean number of misses

for word- and phoneme-monitoring conditions

Word Fhoneme
Monitoring Monitoring
Mean
Reaction Times 574 667
Mean misses# 4.5 7.5

*26 was the total possible mean number of misses.
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Effects of Target Monitoring Page 20
Blank, et al

Figure Caption
Error rates for comprehension questions as a function of
monitoring condition. Overall performance is shown in Panel A;
preformance broken down in terms of factual and inferential

questions is shown in Panel B..
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Effects of Transfer of Tralning on Identification

of a New Linguistic Contrast in Voicing
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Abstract

The present study examined the plasticity of the human
auditory system by means of laboratory training procedures that
were designed to modify the perception of the volcing dimension 1in
synthetic apeech stimuli. Although the results of earlier
laboratory training studies have been ambiguous, Pisoni, Aslin,
Perey, and Hennessy (1978) have succeeded recently in altering the
perception of labial stop consonants from a two-way contrast in
voicing to a three-way contrast. The present study extended these
initial results by demonstrating that knowledge of VOT gainsd from
digscrimination training on one place of articulation {e.g.,
labial) can be transferred to another place of articulation (e.g.,
alveolar) without additional ¢training on the specific test
stimuli. Quantitative analyses of these transfer effects in
identification showed that the perceptual categories which emerged
were stable and displayed well-defined labelling boundaries
between categories. Taken together with the earlier findings,
these results imply a greater degree of plasticity in the adult
human perceptual system than has generally been recognized in past
gtudies. Although the linguistic environment exerts an important
influence on the perception of speech socunds, laboratory training
methods designed to selectively focus the listener's attention to
the relevant acoustic cues were highly successful in modifying the
perception of at least one synthetic continuum in a relatively
short amount of time. These results have implications for previous
conceptions of the role of linguistic eXperience in perceptual
development and the usefulness of specific laboratory training

procedures in modifying the perception of speech sounds.
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Effects of Transfer of Training on Identification

of a New Linguistic Contrast in vﬂicingl

This report is concerned with the perceptual categorization
of human speech sounds, particularly the categorization of the
volocing dimension in stop consonants. The wvolcing dimension has
been studied extensively in recent years in an attempt to
characterize the interaction between genetic and environmental
influences in speech perception. In the word initial English stop
censcnants /b, p. 4, t. g9, k/, volce onset time (VOT) is defined
as the interval between the onset of vocal cord vibration and the
release of articulatory closure. The English phonemes, however,
represent only a subset of the modes of voielng that are possible
in human language systems. By measuring the production of stop
consonants in eleven diverse languages, Lisker and Abramson (1964)
found three universal modes of voicing. The first is long lead, or
prevoiced stops in which wvocal cord wvibration precedes the
release. Lead walues generally occur at -25 msec VOT or greater.
The minus sign indicates that the release burst occurs after the
onset of laryngeal pulsing. The category of short lag stops is
observed when laryngeal and supralaryngeal events are nearly
simul taneous. It £falls between approximately -20 and +25 msec VOT.
Long lag or voiceless aspirated stops in English are characterized
by substantial wvoicing delay until after the release. These stops
have VOT values greater than 425 msec. The English stops /p. t.
and k/ are exemplars of the long lag mode of voicing, while /b, 4,

and g/ are referred to as wvoiced. Long lead and short lag stops
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are allophonic in English so that, for example, a /b/ produced
with —-30 msec VOT and a /b/ at 0 msec VOT are both still perceived
as the same phoneme. Lisker and Abramson found that each language
they studied used only a subset of the three volicing modes that
are possible at each place of articulation.

In subseguent cross-language experiments using synthetic
speech stimuli differing in VOT, Lisker and fAbramson (1967) found
that subjects perceived the stimuli categorically. The
identification and discrimination funetions both corresponded
closely to the phonemic categories obhserved in each language. The
identification or labeling functions were consistent and displayed
steep slopes at the boundaries separating perceptual categories.
In addition, subjects showed poor discrimination of etimuli within
the same phonemic category and improved discrimination of stimuli
at the category boundary. This combination of results suggests
that the ability to discriminate between speech stimuli is closely
related to their identification (Liberman, Harris, Hoffman, and
Griffith, 1957). Thus, although the occurence of three primary
modes of wvoicing implies that certain regions of the woicing
continuum may be naturally discriminable (Streeter, 1976), the
perceptual categories used by adults appear to be determined
largely through linguistic experience.

The effects of linguistie experlence on speech perception
have been studied to a lesser extent with other phonemic
contrasts. Goto (1971) and Miyawaki, Strange, Verbrugge, Liberman,
Jenkins, and Foajimara (1975) have examined the abilities of
Japanese and English subjects to identify and discriminate the

liguids fr/ and /1/. These consonants are phonemically distinctive
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in English but not in Japanese. In both studies, the Japanese
subjects showed poorer discrimination of /fr/ and /1/ than the
English subjects. In Goto's study, the Japanese even had
difficulty understanding recorded tokens of their own speech. He
attributed this result to the lack of experience with the target
phonemes and stated that "auditory discrimination of (non-native)
syllables must be acguired by daily practice from childhood”
{goto, 1971, p. 322).

In general, these cross-language studies have demonstrated
that linguistic experience plays an important role in facilitating
the discrimination of linguistic contrasts. However, the
permanence of this environmental influence and the ease with which
the perceptual system of mature adults can be modified is a more
controversial issuve. Strange and Jenkins {1978) recently reviewed
a number of laboratory training experiments which tried to alter
the perception of the voleing continuum. Although the ability of
some adults to discriminate non-native contrasts in voicing showed
improvement, Strange and Jenkins concluded that “significant
modification of phonetic perception is not easily obtained by
gimple laboratory training technigques" (Strange and Jenkins, 1978,
p. 153). Moreover, they observed that the modifications that did
occur appeared to be limited to the same test stimuli and the same
perceptual +tasks that were used in training. The possibility
exista, of course, that even those subjects whose perceptions were
altered were not learning to modify the wvoicing continuum as such.
Hence the generalizability of these results is severely
restricted. GStrange and Jenkins alsoc concluded, as have most

regsearchers over the past two decades, that the adult perceptuoal
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system is extremely resistant to change and that selective

retuning or modiflcation through laboratory procedures is an
arduousn Lf not imposslble process.

In an attempt to add a voliced/voiceless distinction to the
repertoire of native speakers of Russian, Lisker (1970) presented
exemplars of the two categorles (+10 and +60 msec VOT) alternately
for comparison. The Russian subjecta were not required to respond
during this tralning phase and they were never provided with
feadback about thelr responses. Following training, all subjects
were presented with the +10, +20, +30, +40, +50 and +60 msec VOT
in random order and they were required to judge whether the
stimuli were more similar to the +10 or the +60 alternative. From
the results of this experiment, Lisker concluded that the Russians
were not able to successfully learn contrasts that were not
distinctive in their native language.

In another study, Strange (1972) measured the ability of a
small number of subjects to identify and discriminate etop
consonants that varied in VOT. Subjects were firset presented with
exemplars from sach of two categories, prevoiced and voliced. Then
they were trained using an oddity discrimination task with wverbal
feedback after each trial. Subjects were then tested in the same
task but without feedback. Although all four subjects in this
study showed some general improvement in discrimination, their
performance was poorest at the prevoliced/voiced boundary which was
the focus of training. Strange concluded that her subjects were
unable to learn this three-way contrast in VOT. Other studies
carried out by Strange (1972) included identification and tranafer
of training tasks and these also showed no consistent improvement

in learning a third category along the VOT continuum.
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It is possible that the failure of these previous attempts to
produce new linguistic contrasts reflects a genuine absence of the
rejquired perceptual abilities. However, other studies indicate
that the problem may be more methodological. For example, Carney,
Widin, and Viemeister (1977) have demonstrated that discrimination
within phonemic categories is possible when the relevant acoustie
cues are emphasized during training. In addition, the subjects
were able to change their category boundaries to arbitrary values
chosen by the experimenters. However, the subjects in the Carney
et al. study were highly experienced veterans of psychophysical
experiments and they had been participants of many testing
sessions before the data were collected.

In contrast, the subjects used in a recent study by Pisoni,
Aslin, Perey, and Hennessy (1978) were nalve undergraduates who
were able to modify their perception of VOT in less than one hour
of exposure to the new contrast. By providing immediate feedback
during training in order to emphasize the relevant acoustic cues,
Pisoni et al. were able to show that naive listeners could learn a
new voicing category. Howaver, one weakness of the experimental
design employed by Pisoni et al. was first pointed out by Strange
(1272) in reference to her own work. Because the subjects were
both trained and tested on the same synthetic labial stop
conscnants, it is not clear whether +the subjects were actually
learning about the specific place of articulation or about the
distinctive feature (in this case VOT) in general.

In a recent study dealing with the discrimination of VOT,
Edman, Soll, and Widin (1978) examined the ability of subjects to

transfer knowledge gained on one place of articulation to another.
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Subjects were given initial and final discrimination and
identification tests using the /b-p/ and /g-%/ continua of Lisker
and Abramson, but they were trained on only one of the series. For
a aubject who was trained on the labial continuum, the
discrimination training effects were substantial for the labial
stimuli as might be expected. However, the subject also
demonstrated transfer of training in discrimination suggeating
that subjects can learn "VOT per se and not some unique properties
of the training series" (Edman, 1978, p. 5).

The present investigation was designed to extend these
findings on discrimination to absolute identification of a new
linguistic category in voicing. Al though Pisoni et al.
demonstrated that naive subjects could learn to -identify a new
linguistic category they d4id4 not sastablish that the discrimination
training and experience with the new linguistic category
transferred to other places of articulation. Although Edman et al.
(1978) showed transfer of training in discrimination, they did not
assess whether the discrimination training tranaferred to

identification of a new voicing category.

Me thod

Subjects. Fifteen subjects were drawn from a paid subject
pool of undergraduate students attending Indiana University. The
subjects were originally recruited through advertisements and were
paid $3.00 per hour for each testing session. All subjects were
monol ingual speakers of English with no history of a speech or
hearing problem as determined by a pretest questionnaire. All
subjects were naive to the experimental procedures wused in the

experiment .
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Stimuli. The stimuli consisted of two sets of fifteen
synthetic stop consonant-vowel syllables corresponding to lablal
and alveolar places of articulation. EBach stimulus set was
genarated on the Klatt (1980) cascade-parallel software
synthesizer as implemented in the Speech Perception Laboratory at
Indiana University ({(Kewley-Port, 1978). The stimulil differed in
ten millisecond steps of VOT f£from =70 to <470 msec. The
steady-state portion of the stimuli consisted of the vowel /a/
which was 255 msec in duration. The formant wvalues chosen were:
Fl = 700 H=, BWl = 90 Hz; F2 = 1200 Hz, BW2 = 90 Hz; F3 = 2600,
BW: = 130 Hz; P4 = 3300 Hz, BW4 = 400/Hzy PS5 = 3700 Hz,
BWS = 500Hz. The labial formant transitions were 40 msec in
duration and had starting £frequencies of Fl = 438 Hs,
F2 = 1025 Hz, F3 = 2425 Hz which were chosen to simulate thae
production of natural speech as measured by Klatt (1978) and from
meagsuraments of the spectrograms of a male speaker in our
laboratory. The alveolar formant transitions were 50 maec. The
starting frequencies were: Fl = 400 Hz, F2 = 1550, F31 = 2600 Hs.
To simulate the burst that occurs at release of stop closure, a
turbulent noise source (AF) was passed through the bypass channel
of the parallel branch of the syntheslzer. The burst was ten msec.
in duration with the amplitude carefully chosen on the basis of
pilot listening tests. The spectrum of the labial release burst
was distributed fairly uniformly across all frequencies, while the
energy of the alveolar burst was centered arcund 3300-3850 Hs.
Voliclng lead was asimulated by wsetting Fl at 1B0O Hz with a
bandwidth of 150 Hz. The sinusoidal veleing source (ASV) was then

passed through Fl to simulate the low fregquency anergy. Volceless
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stimuli have an aspirated component produced by turbulence at the
opening of the vocal cords. Aspiration was simulated by passing a
noise source through the cascade branch of the asynthesizer.
Aspiration noise was also added to the final 35 maec of the
syllable and Fl was widened somewhat to make the offsets sound
more natural. At the onset of release of stop closure, the pitch
contour rose briefly from 120 to 125 Hz and then fell linearly to
100 Hz and remalined there for the duration of the steady-state
portion of the vowel.

Procedure. The experiment was conducted with groups of two to
six subjects seated in separate testing carrela in a s=small
experimental room. The stimuli were presented binaurally over
matched and calibrated TDH-39 headphones. Voltage levels were
majintained with a VIVM at a constant level of B0 4B SPL during
presentation of stimuli. The collection of all responses and
presentation of feedback to subjects was controlled on-line in
real-time by a PDP-11/05 computer. All experimental +trails were
paced to the slowest subject in esach group.

On Day 1, the subjects were presented with four different
phases of the experiment, each phase was described with a typed
page of instructions which were also read aloud by an experimenter
just prior to the presentation of stimuli. In the first phase, the
subjects were asked to identify the fifteen stimuli (each
presented ten times in random order) into two categories
corresponding to the English categories /ba/ and /pa/. The onset
of a trial was signalled by the illumination of a cue light on top

of the response box.
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In the next phase, familiarization, subjects merely listened
to several ordered presantations of the =70, 0 and +70 msec VOT
stimuli. Subjects did not respond to the stimuli but were
instructed to concentrate on listening to the beginning of the
consonant=-vowel syllable. The third phase consisted of 40
presentations of the three exemplary stimuli (i.e., -70, 0 and 470
msec VOT) in a random order. Subjects were required to use three
response categories labeled /mba/, /ba/, and /pa/. Immediately
following each identification response, a light above the correct
response button was illuminated to provide feedback to the subject
indicating the correct response. Those subjects who met a
predetermined eriteria of 85% correct in this phase of the
training were asked to return for a second day of testing.
Finally, in the last phase of Day 1, all £fiftean stimull were
again presented ten times each 4in random order. However, now
subjects were required to identify the stimuli wusing all three
response categories without feedback.

On Day 2, the last two phases of the previous day were
repeated again using the labial CV series. When these trials were
completed, the subjects were presented with the alveolar stimuli
{i.e., the tranafer series) using -70, 0 and +70 msec VOT
exemplars arranged in order. Subjects did not respond overtly to
these stimuli but merely listened to several presentations of
these test signals. The last phase of Day 2, the transfer phase,
consisted of ten randomly ordered presentations of each of the
fifteen alveolar CV syllables. Subjects were now required to
identify these stimuli into the three new categories corresponding

to /nda/, /da/, and fta/. One group of subjects received training
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on the labial stimuli first and then were tested for transfer of
training on the alveolar series. Another group received the

stimali in reverse order; that is, training on alveclars first

followed by transfer to labials.

Results

Figure 1 shows the average labelling functions for the group
of subjects trained first on the labial stimuli and then
transferred to alveolar stimuli; Figure 2 shows the functions of
the second group which was trained on alveolar and then tranferred
to labial stimuli. In each figure there are four panels
corresponding to the four conditions of the experiment.
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Insert Figures 1 & 2 about here

The two category 1dentificatieon functions are shown in the
upper left hand panel of each figure. The data shown in this panel
indicate that the labelling of two sounds that are phonemically
distinct in English is done consistently and with sharp category
boundaries. The second panel, in the upper right of each figure,
corresponds to the last condition of Day 1. Inspection of these
functions reveals that after familiarization and training with one
gset of stimuli that waried in VOT, the subjects demonstrated
consistent identification of a third category which is not
functionally distinctive in English. This result was accomplished
with less than one hour of training. Panel 3, in the lower left of
each figure, shows a replication of the three category

identification obtained on Day 2 of the experiment. A wvisunal
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Figure 1. Average identification functions for two and three
category labelling and three category transfer labelling for subjects
in Group 1.
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Figure 2. Average identiflication functions far two and three
category labelling and three category transfer labelling for subjects

in Group 2.
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comparison of subjects ancross these two conditions indicates the
consistency of the identification responses although there is some
variability acroas subjects. This consistency is due, in part, to
the criterion used for Inclusion in the study. Subjects were
required to meet an B85% correct level of performance on the three
category exemplar stimulli in order to participate in the second
phase of the experiment. |

The transfer of training data, shown in Panel 4 in the lower
right of each figure, closely resembles the data shown in Panels 2
and 1. It is obvious from inspection these data that subjects were
able to use three labelling categories in a consistent manner even
though one of the categorlies is not phonemically distinective in
thelr native language. Moreover, these subjects were able to
reliably perceive differences in voicing lead even though they
were tested with stimuli on which they received no specific
training experience.

Examination of the individual subjects data shows that
subjects were able to identify three distinct categories along the
voicing continuum. Inspection of these figures also shows the
occurrence of a substantial transfer effect in perception of VOT
from one place of articulation to another. In order to quantlfy
these observations more precisely., several analyses of the
identification data were carried out to obtain an estimate of the
strength of the transfer of training effects. First, a measure of
the consistency of responses at each of the fifteen stimulus
values was computed and then averaged across the stimulus values
to obtain an overall consistency score for each subject {(Attneave,
1959). These values are shown in Table 1 for sach subject in

Conditions 1-4 along with the mean values for each condition.
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Insaert Table 1 about here

The values of this index, the index of response uncertainty,
range from .999 {(very consistent) to .593 (fairly consistent). In
general, the response consistency wvalues of each subject are
higher for Condition 1, the two category identification responses,
than for any other condition. This result reflects the fact that
two categories of voicing are typically identified by monolingual
speakers of English while the ability to identify three categories
is a product of less than twe hours of laboratory training.

The next analysis that we carried out was designed to measure
the sharpness or steepness of the labelling functions. Individuoal
slopes and crossover points were calculated for each labelling
function by fitting a normal ogive to the identification data wvia
the methods outlined in Woodworth (1938). Thus, for the
two-category identification phase there is only one slope for each
subject because only the voiced/voiceless distinction is phonemic
in English. For the three-category conditions two slopes were
computed, one for prevoiced/voiced boundary and the other for the

voiced/volceless boundary.
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Tables 2 and 3 present the slope values in milliseconds. A
low value represents a steaper slope than a high wvalue in this
analysis. The slope wvalues are consistently smaller for the

voiced/voiceless boundary (Wilcoxon test. p < .0l1). Thus, the
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Table 1

Response Consistency Values for Identification

Group 1: Labjial to Alveolar Series

Conditions:
Subject 1 2 3 4
1 . 999 .791 .821 .842
2 .919 .712 .773 .737
3 .940 .813 .813 .870
4 .999 747 .757 .879
5 .813 .800 .865 . 593
6 . 934 .728 .794 .739
7 .951 . 695 .845 .706
Means: .936 .755 .815 .767
Group 2: Alveolar to Labial Series
Conditions:
Subject 1 2 3 4
1 .934 . 807 . 846 . 849
2 .999 .726 .726 .678
3 .940 .838 . 850 . 806
4 .967 714 .768 .736
5 .951 .786 742 . 847
6 .940 .752 .882 .721
7 .951 .834 .979 .861
8 .999 .719 .706 .712

Means: . 960 .772 .821 .776



Table 2

Slope Values for Voiced/Voiceless Boundary in Identification

Group 1: Labial to Alveolar Series

Conditions:
Subject 1 2 3 4
1 20.82 21.87 20.82 20.82
2 21.25 26.24 35.60 21.52
3 19.87 19.87 19.94 20.39
4 20.82 21.04 21.23 21.49
5 24,13 20.64 20.90 24,30
6 19.94 19.87 20.05 20.39
7 20.26 19.78 20.91 32.36
Means: 21.01 21.33 22.78 23.04
Group 2: Alveolar to Labial Series
Conditions:
Subject 1 2 3 4
1 19.94 19.78 20.91 20.17
2 20.82 20.39 20.82 19.98
3 19.87 19.28 19.28 19.07
4 20.39 20.82 20.81 21.71
5 20.26 20.39 20.02 19.66
6 30.17 21.28 20.39 20.26
7 20.26 20. 39 20.82 20.39
8 19.28 20.26 19.28 19.66
Means: 21.37 20.32 20.29 20.11



Table 3

Slope Values for Prevoiced/Voiced Boundary in Identification

Group 1: Labial to AlveolaTr Series

Conditions:

Subject 2 3 4
1 -22.07 -22.80 -22.74
2 -25.92 -20.92 -24.13
3 -24.27 -22.56 ~22.70
4 -27.33 -30.23 -22.42
5 -24.19 -21.30 -35.78
6 -27.21 -26.79 -26.18
7 -26.95 -36.35 -73.07

Means: -25.42 -25.84 -32.43

Group 2: Alveolar to Labial Series
Conditions:

Subject 2 3 4
1 -28.54 -23.89 -23.49
2 -35.39 -27.64 -27.76
3 -32.80 -40.06 -42.89
4 -32.54 -29.63 -30.00
5 -24.85 -27.23 -28.37
6 -24.99 -22.77 -24.80
7 -22.18 -18.76 -20.28
8 -32.30 -29.33 ~30.13

Means: -29.20 -27.43 -28.47



voiced/voiceless labelling functions have steeper slopes than the
prevoiced/voiceless boundary. Other analyses, across conditions
and between groups, revealed no other reliable differences in the
slope of the labelling functions.

A third analysis was also carried cut to guantify the precise
location of the category boundaries. A cross-over point was
obtained from the fitted ogives used to calculate the slopes for
sach boundary. In addition, a midpoint for each boundary was
obtained directly by inspection from the graphs by selecting the
point at which each function first straddled the 508
identification wvalue. The +two wvalues in milliseconds for the
voiced/voiceless boundary are given 4in Table 4 while the

prevoiced/voiced boundary values are given in Table 5.
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Insert Tables 4 & 5 about here
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Scores obtained in  these three analyses (responae
consistency, slope, and crossover) were compared across the four
conditions for each group by means of the Wilcoxon matched pairs
test (Siegel, 1956). Comparisons of response consistency across
the four conditions indicated that only two conditions differed
significantly from each other (p ¢ .01, two-tailed). For both
groups, the consistency of responses during i{dentification of two
categories on Day 1 showed marked differences from the consistency
of responses in the transfer test on Day 2. These condlitions
correspond to the data shown in Panels 1 and 4 1in each figure.
Although the values of response consistency for the data shown in

panel 4 are fairly high with a mean value of .767 for Group 1 and
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Midpoint and Crossover Values for Voiced/Voiceless Boundary

Table 4

in Identificatdioen

GCroup 1: Labial to Alveclar Series
o Conditions:
1 2 4
Subject No. Midpt  Mean Midpt Mean Midpt  Mean Midpt  Mean
1 56 18.67 58 22.77 56 18.67 35 18.67
2 26 29.68 24 37.43 47 64.39 30 20,50
i 17 13.56 17 13.56 19 31.97 25 16.37
4 25 18.67 25 18.86 26 19.57 26 21.29
5 27 22.07 20 16.74 25 18.13 37 31.01
6 18 13.97 18 13.56 16 10.79 24 16.37
7 24 15.67 16 13.08 18 16,23 53 46.59
Means!: 27.57 20.86 25.42 19.42 29.57 23.11 35.72 24.40
GCroup 2: Alveclar to Labial Series
Conditions:
1 2 3 A
Subject No. Midpt Mean Midpt  Mean Midpt Mean Midpt Mean
1 18 13.%97 15 13.08 17 16.23 23 15.17
2 25 18.67 24 16.37 24 18.67 19 14.14
3 17 13.56 15 10.37 16 10,37 14 8.30
4 25 16.37 25 18.67 26 18.67 26 22,14
5 23 15.67 23 16.37 20 14,36 16 12,42
3] 22 15.17 24 12.01 25 16.37 24 15.67
7 24 15.67 26 16.37 25 18.67 26 16.37
] 16 10. 37 16 14.70 15 10.37 16 12.42
Means: 21.55 14.93 21 14.74 21 15,46 20,50 14.58



Table 5

Midpoint and Crossover Values for Prevoiced/Voiced Boundary in Identification

Group 1: Labial to Alveolar Series

" Conditions:
2 3 4
Subject No. Midpt Mean Midpt Mean Midpt Mean
1 =17 -12.74 =22 -15.75 -15 ~-17.65
2 - 6 -19.61 =21 - 5.36 -29 -22.55
3 -30 -26.62 -26 -23.41 -30 -23.94
4 -35 -28.26 -53 -41.03 -30 -23.08
5 -25 ~23.76 -23 -11.40 -34 -31.24
6 =40 -30.23 -20 -33.25 -15 -21.36
7 -20 -17.15 -4 -66.41 -60 -158.58
Means: -24.71 -23.63 -21.14 -28.09 -34.63 -42.63
Group 2: Alveclar to Labial Series
Conditions:
2 3 4
Subject No. Midpt Mean Midpt Mean Midpt Mean
1 ~36 -40.47 -26 -27.22 -33 -21.68
2 =47 -47.24 -35 -29.90 -26 -22.87
3 -46 -51.92 -46 -73.56 -57 -78.05
4 =40 -34.05 -40 -32.29 -32 -28.71
5 -20 -22.45 -26 -29.72 -30 -41.01
6 -30 -26.55 -32 -23.74 -35 -18.80
7 -3 - 7.67 -5 ~ 5.13 -9 - 8.15
8 =44 -31.59 -60 -29.60 -34 -34.06

Means: -33.25 -32.74 -33.75 -31.40 -32 -31.67



a mean value of .778& for Group 2, this result i1s expected due to
the relative unfamiliarity of the transfer stimuli. Another
cross—-condition consistency compariscon which was significant
occurad only in OGroup 1. A significant ochange (p < «OL,
two-tailed) in consistency of responses was found from Day 1 to
Day 2 on the labial three category identification stimuli shown in
Panels 2 and 3. Tt appears that the brief amount of practice
provided on Day 2 improved the consistency of the responses to
labial stimuli {Grﬂup 1} but had no comparable effect on the
alvenlar stimuli (Group 2). The reason for +this asymmetry in
performance ls not clear at the present time.

Analysis of cross-series differences in terms of the slope of
the 1labelling functions showed that, in general, the slopes did
not change signlficantly across conditions. However, there were
two exceptions to this observation. For Group 1., the
voiced/voiceless boundary differed significantly (p ¢ .01) for the
two category identification condition {(Panel 1) compared to the
transfer condition (Panel 4). Although +this result indicates a
steeper slope for the two category condition, a comparison of the
glope values in Table 2 indicates that, with +the exception of
Subject 7, most values are fairly consistent across the two
conditions. Also for Group 1, a prevoiced/veoiced VOT boundary
comparison was  significant. When Day 2 of three category
identification was compared to the transfer function {Panel 3 ws
4}, the slopes of the identification function for the transfer
series were less steep than the slopes of the functions for the

training stimuli.
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Turning to comparisons of the Crossover values, no
significant differences were observed for comparisons of Group 2
indicating that the location of the category boundaries did not
change across the various conditions of the experiment. These
results were further confirmed by analysis of the midpoint
comparisons of Group 2 which also showed no change across
condition. Group 1, however, showed a significant difference in
the location of the wvoiced/voiceless boundary which shifted
slightly from the two category identification to the transfer
condition (panels 1 wvs 4). The precise reason why a shift was
observed in one series and not the other is not clear at this
time.

In order to detéermine if there were any between—-group
differences, the data were compared by means of Mann-Whitney U
tests for esach condition (Siegel, 1956). A comparison of the U
values showed no significant differences between Group 1 and Group
2 for three of the four conditions: two category identification
(Condition 1), three category identification Day 1 (condition 2),
and three category ildentification Day 2 (condition 3). This was
true for both the slope analysis and the response consistency
analysis. However, the fourth condition, the transfer phase,
showed one statistically significant difference between Group 1
and Group 2 (U = 6). This result was found in the voiced/voiceless
region and reflects the finding that Group 1 (transferred to
alveolar stimuli) had a steeper slope than Group 2 (transferred to
labial stimuli).

In summary, the results of all three analyses--alope,

response consistency and cross-over polint--show that three
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perceptual categories were reliably identified by our naive
subjects in less than two hours of laboratory training and,
further, that when presented with stimuli on which they have not
received training, our subjects generalized knowledge of VOT
gained during training to identification of the new stimuli. &
reliable and consistent perceptual category emerged clearly for

these subijects with relatively simple laboratory procedures in a

short pericod of time.

Discussion

The present experiment demonstrated that a new perceptual
category can be acguired in a relatively short amount of time
through relatively simple laboratory training procedures. The
gubjects consistently identified the VOT stimuli inte three
perceptual categories and showed strong evidence of tranafer of
training to another place of articulation from the one thay were
originally trained on. Such findings demonstrate clearly that the
perceptual capacities reguired to learn these contrasts are still
present in experimentally naive monolingual speakers of English.
-English speakers typically divide stop consonants differing in VOT
into anly twWo categories at each place of articulation
corresponding te /b-p/, fd-t/ and /g-k/. In the present study,
after +training on stimali from one place of articulation, our
subjects were able to generalize their knowledge of the three-way
labelling contrast to another place of articulation without
additional +training. The present findings o transfer of
identification are complementary to the results reported by Edman

et al. {1978) who  demonstrated improved intra-phonemic
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discrimination of stop consonants after training. Edman et al.
alsoc showed that discrimination training generalized from one
place of articulation during training (e.g. /b-p/) to a second
place of articulation at the time of final testing {(e.g. /[fog-k/}.
However these investigators d4did not obtain identification data
from their subjects.

The results .ﬂf the present study also extend the earlier
findings of Pisoni et al. (1980) by demonstrating a robust
transfer of training effect from one synthetic stimulus continuom
to another. In the Pisoni et al. study, subjects were trained and
teated with only labial consonant-vowal syllables. By
demonstrating three category identification for stimuli which were
not used in training, the present study has established that naive
subjects are able to acgquire specific knowledge about the complex
temporal=gspectral dimension of woicing as cued by VOT and not Jjust
about the distinetive correlates of the specific stimuli uased in
training.

The findings obtained in this study have several implications
for the previous conclusions concerning the effects of laboratory
training in speech perception, namaly, that laboratory training
procedures appear +to have little effect on modifying speech
perception in adult listeners. In this regard, several
methodological aspects of the present study are worth emphasizing.
First, we were able to control the subjects' attentive processes
to selectively focus on those distinctive aspects of the stimuli
that were relewvant to successful identification. This was
accompl ished by familiarization and training with immediate

feesdback on exemplars of thse threse perceptual categories. Al though
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our wverbal instructions also directed the subjects attention to
the initial part of each stimulus, the wuse of on=-line computer
techniques for discriminatlon training and feedback was alsoc an
important aspect of the success of the present study.

Second, we imposed a strict training criterion on subjects
which effectively reduced intrasubject wvariability. Although the
subjects who were eliminated from testing on Day 2 4id not
identify the stimuli into three categories at the reguired
performance levels, they did respond well above chance. While not
a specific concern of the present study, it would be of some
interest to measure the amount of additional training that these
non-criterion subjects would require to reach the criterion level
of performance.

In their review of laboratory training studies, Strange and
Jenkins (1978) concluded that modifications of the VOT dimension
is not eagsily accomplished by the use of laboratory training
methods in a short period of time. Their conclusions have broad
implications for the plasticity of the adult perceptual system and
the acquisition of new linguistic contrasts at the phonological
level. The data obtained in this study suggest that previous
failures to acquire a new linguistic contragst 4o not appear to be
related in any way to permanent changes in the perceptual
mechanisms used by mature adult listeners. Our listeners did not
appear to have "lost" any of their speech processing abilities due
to environmental exposure or realignment of their perceptuoal
mechaniam. In light of the positive results gbtained in this study
there is strong impetus to extend the use of these discrimination

training procedures to other linguistic contrasts involving
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English /r/ ws /[1/ in Japanese subjects and various tonal
digtinctions in certain dialects of Chinese. Research of this kind
is currently underway in our laboratory and reports of this work

will be forthcoming.

Footnotes

Lrhis research was supported by NIMH research grant MH-24027

ta Indiana University. Special thanks go to Amanda ©. Walley for

her help and agsistance In preparling the synthetic stimuli used in

this study.
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Abstract

Early research on the perception of speech and nonspeech
seignals appeared to reveal a form of perception that was unigue to
speech stimuli. The differences in perception between speech and
nonspaech signals were interpreted as evidence for the operation
of a specialized spoach mode of processing. However, recent
regearch demonstrating categorical perception for nonspeach
stimuli and other studies on the perception of synthetic sapeech
stimuli by the chinchilla have raised the possibility that certain
phenomena in speaeach perception may be based in the psychophysical
attributes of the stimuli themselves rather than on some
additional specialized coding. In intervocalic position the
voiced-voiceless distinction can be ecued solely by differences in
oclosure duration. This cue was simulated in a set of nonspeech
tonal stimmli by varying the duration of a silent interval between
two component tones. Tha results of identification and
discrimination tests indicated sharp and consistent labeling
functions but flat and near chance ABX discrimination functions
for +these stimuli. The addition of simulated formant transitions
into and out of the silent interval did not alter these functions
in any systematic way. The results of these preliminary tests
could not be interpreted as unambiguous support for either a
speeach mode of processing or an account based on the
peychophysical attributes of complex acoustic stimuli. Additional
experiments manipulating closure duration in nonspeech contexts
are proposed to provide additional evidence to differentiate

betwaen these two alternatives.

236



Identification and Discrimination of Durations

of Silence in Wonspeech Signals

A. J. Perey and D. B. Pisoni

A major theoretical issue in speech perception has focused on
the question of whether a highly specialized mode of processing, a
speech mode, is needed to account for the perceptual results
obhserved with speech signals. This perceptual mode is assumed +to
be one in which speech is perceived in unigue fashion, presumably
because at some point during perceptual processing, the acoustic
signal is routed through some sort of specialized speech processor
which operates in a linguistically relevant manner (Liberman,
1970a}. The speech mode of processing was originally proposed to
account for the perception of speech signals under certain
conditions. In particular, it was noted that the shortest of the
meaningful segments in language, the phones or consonants and
vowels, are not distinctly separable as acoustic segments in the
speech signal itself. In fact, because of coarticulation in speech
production, features from successive phonetic segments overlap and
are often produced simultanecusly. Thus, multiple features of a
single phoneme are transmitted over several segments resulting in
parallel transmission of feature information often spanning
several acoustiec segments {Liberman, Cooper, Shankweller and
Studdert-Kennedy, 1967: Liberman, 1970a, 1970b; Liberman,
Mattingly and Turvey, 1972; Mattingly, 1972; Liberman and Pisondi,
1977). Finally, different walues of the same phonetic feature may

be differentiated by a number of different acoustic attributes.
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The speech mode of processing is assumed to extract and decode
this contextually variable acoustiec Iinformation in a
linguistically releavant manner (Liberman, 1970a).

Support £for the notion of a speech mode of processing has
been gathered from numerous studies using synthetically produced
speech signals. One distinction that has been studied extensively
is voieing, a phonetic feature which serves to distinguish the
voiced consonants /b/, f4/ and g/ from the voiceless consonants
fef. /&£f and /x/. The wvoicing distinection has been investigated in
various syllable positions, in speech and nonspeech environments,
in adults and human infants, in chinchillas and in monkeys
(Lisker, 1957; Liberman, Harrie, Kinney and Lane, 1961; Lisker,
1970; Eimas, Sigueland, Jusczyk and Vigorite, 1971y Kuhl and

Miller, 1975; Miller, Weir, Pastore, Kelly and Dooling, 1976&;
Waters and Wilson, 1976; Pisoni, 1977).

In 4initial syllable position the volecing distinection is
primarily based on the acoustic dimension of volce-onset-time
(voT), the temporal interval between the release of stop closure
in the vocal tract and the onset of laryngeal pulsing (Lisker and
Abramson, 1964). In a synthetic speech context VOT is generally
perceived categorically: discrimination can be made only in so far
as the stimuli have been labeled as different phonemes (Lisker and
Abramson, 1970; Abramson and Lisker,1970). That is, discrimination
functions are at a maximum across a phoneme boundary and at a
minimum, presumably close to chance, within a phoneme category.
The labeling functions associated with the phonological categories
show a sharp crossover point from one category to another. 1In

addition, the peaks of the discrimination functions colincide with
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the crossover point in the labeling functions. Since nonspeech
signals are typically perceived continuously and subjects can
discriminate many more differences than they can absolutely
identify, categorical perception was generally assumed to be a

result of labeling Processes assocliated with phonetic

categorization accomplished in the speech mode.

Initial comparisons of the discrimination functiona of speech
and nonapeech stimuli were primarily directed at determining
whether the nonmonotonic discrimination functiona obtained with
the apeech stimuli were innate or a function of learning and
experience (Liberman, Harris, Kinney and Lane, 1961: Liberman,
Harris, Eimas, Lisker and Bastian, 1961). These investigators
explicitly accepted the learning assumption and attempted to
determine whether the learning was due to acquired distinctiveness
(AD), whereby the ability to discriminate differences at the
phoneme boundary is sharpened, to acguired similarity (AS),
whereby the ability to discriminate differences within a phoneme
category 1s attenuvated, or to a combination of both of these two
processes (see Liberman et al., 196l1). The nonspeech control
stimuli wused in these early studies were designed to preserve the
relevant acoustic features of the apeech stimuli. Studies were

then carried out to establish baseline discrimination functions
against which the extent and direction of learning could be
determined.

Liberman, Harris, Kinney and Lane {196l) investigated the Fl

cutback, the delay in the onset of the first formant relative to

the second and third formants, in synthetic speech stimuli and in

nonspeech control environments. The synthetic speech stimuli
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varied from /do/ to /to/ by manipulating the duration of tha Fl1
transition. A set of nonspeech control stimuli were also
constructed which preserved this cue by inverting the spectrograms
of the synthetic speech stimuli before they were converted into
sound on the Pattern Playback. However, since inverting the speech
stimuli resulted in a rising nonspeech first formant which sounded
speechlike, it was alsoc necessary to replace this rising
transition with a falling transition. Identiflication and
discrimination tests were then carried out with both sets of
stimuli. Labeling functions were sharp and conslstent for the
speech stimuli. However, none were obtained for the nonspeech
gtimuli. The ABX discrimination functions for the speech stimuli
ghowed the characteristic peaks and troughs of categorical
perception while those for the nonspeech controls were relatively
flat and rarely above chance level of performance. These findings
provided strong support for the notion that speech and nonspeech
signals are processed differentially and led these investigators
to conclude that the discrimination functions obtained with speech
are due to acguired distinctiveness, whereby the ability to
discriminate differences at a phoneme boundary is enhanced through
experience in dealing with the distinction in the environment.

Early infant research using the High Amplitude Sucking (HAS)
technigue also provided some additional support for the notion of
a speech mode of processing. Basically the HAS procedure permits
an investigator to examine differences in sucking rate between a
stimalus to which a subject is habituated and a new stimulus. An
increase in sucking after a change in stimulation is taken as

evidence for discrimination while ne change is considered evidence
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of a lack of diserimination. Using this technique, Eimas and his
associates (1971) discovered that 1-3 month old infants from
Fnglish apeaking environments exhibit categorical=like
discrimination of VOT differences in synthetic speech stimuli.
These data were considered to be quite similar to the adult dJdata
on VOT found earlier by Lisker and Abramson, (1970) and Abramson
and Lisker (1970). The infant results led Fimas et al. to conclude
that either categorical perception is innate or it develops very
rapidly after birth. The important result of this study, however,
was that the infants appeared to be responding to the stimuli in a
linguistically relevant manner, much as adults do, with only very
limited experience in the language-learning environment.

Earlier we noted that the acoustic cues for a single phonetic
feature often vary with context. Such is the case for the volcing
distinection. Lisker (1957) studied spectrograms of sentencea
containing trochees in a primary stress position and trochees in
isolation. These trochees contained either a /Jp/ or a /b/ in
intervocalic position. From these spectrograms he observed a
number of acoustic differences between words containing /p/ er
/bf., one of which was closure duration, the time interval between
the termination of the vowel formant preceding the stop and the
onset of the subsequent vowel. Lisker also carried out a series of
tape splicing experimentes with natural speech stimuli in which he
demonstrated that the perception of a /p/ in medial position could
be altered to a /b/ by simply reducing the closure duration. And
Lisker showed that a /b/ ecould be changed to a /p/ by simply
lengthening the closure duration. The labeling functions obtained

from these two procedures showed crossover points at approximately
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75 msec and 105 msec respectively. Both experiments established
that the acoustic cue of closure duration is sufficient for
perception of the wvoiced-voiceless distinction im intervocalic
position.

In one of the sarliest perceptual experiments using nonspeech
controls, Liberman, Harris, Eimas, Lisker and Bastian (1961)
examined the perception of closure duration in synthetic speech
and nonspeech contexts and found substantial Aifferences in the
discrimination functions for each stimulus series. Closure
duration was eimulated in the synthetic speech context by
manipulating the duration of the silent interval between the two
syllables of a synthesized word, i.e., “rabid" vs. "rapid.” In the
nonspeech control condition, the duration of the silent Iinterval
separating two bursts of band-limited noise was manipulated to
match the onset, offset and duration characteristics of the
original speech stimoli. The purpose of this astudy was to
determine whether the discrimination of spesech was a function of
learning, and if 8o, whether this learning was due to acquired
distinctiveness or acquired similarity. Liberman et al. determined
that the saynthetic speech stimuli were percelved categorically
while the nonspeech ABX discrimination functions were
noncategorical and basically flat across the entire stimulus
continuum although slightly above chance. These findings led
Liberman et al. to conclude that the discrimination functions
obtained with the nonspeech signals could be thought of as
representing "true"™ discriminability without the benefit of any
linguistic experience. In this regard, the discrimination peaks

typlcally obtained with speech could be accounted for as a result
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of learning, specifically learning that involved the process of
acquired distinctiveness.

Evidence from investigations of the perception of dJdifferent
acoustic cuas thought to ba important for other phonetic
distinctions has also supported the notion of a specialized speach
mode of processing. Mattingly, Liberman, Syrdal and Halwes (1971}
reported that the synthetic syllables /bae/, [fdae/ and /gae/,
which differ in place of articulation cued by the direction and
axtent of the second formant transition, are percaived
categorically. This study alsc showed that the same cua, the
formant transition, was perceived noncategorically when presented
in isolation. The ABX discrimination functions were irregular and
close to chance, when the P2 transition cue was presented as a
"chirp" or in conjunction with an F2 steady-state as a "bleat",
The latter two stimolus contexts were designed to be nonspeech
control conditions. In additien, a reversal of the spesch and
nonspe#ach patterns in time differentially affected the apeech and
nonapaach digcrimination functions. In the backward sapeeach
condition, the discrimination function lost its peaks and troughs
but remained at about the same overall level. In the "backward®
nonspeech condition, the function remained flat but performance
was at a higher level than in the forward nonspeech conditions.
The differences in perception between speech and nonspesech as wall
as the differences within the wvarious speech and nonspesch
conditions led these authors to conclude that their results, as
well as the others discussed above, cannot resolve the questions
about mcquired distinctiveness or acqguired similarity. Inastead,

Mattingly et al. argued that their results should be taken as
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evidence for two basically different modes of perception, a speech
mode and an auditory mode.

Using the asame synthetic stimuli, Eimas (1974) aleso
investigated perception of place of articulation in infants as
cued by the direction and extent of the second formant
transitions. His results pshowed that when the second formant
transitions are embedded in the context of synthetic speech
stimuli they are discriminated categorically by infants but when
they are presented in isolation as "chirps" they are discriminated
noncategorically by infants. These results are based solely on
discrimination data obtained with the HAS technigue. Eimas
concluded that his results with infants could also be used as
further evidence for the existence of a specialized speech
processor which operated in a linguistic mode.

In another study, Miyawaki, Strange, Verbrugge, Liberman,
Jenkins and PFujimura (1975) studied the perception of the [r/ -
/1/ contrast in Japanese and English adults. In English, /r/ and
/1/ ecan be Adifferentiated by the acoustic cue of a rising or
falling third formant transitiom, while in Japanese the phonetic
distinction is not used phonologically. Miyawaki et al. reported
that English speakers perceive synthetic stimuli varying from /[r/
to [1/ ecategorically while Japanese speakers do not. When the
third formant transitions were presented in isolation as nonspeech
controls which sounded like "chirps,” the discrimination functions
were relatively flat and just above chance. Purthermore, the
Japanese adults d4did not differ substantially from the English
adults on the nonspeech control stimuli. Thus Miyawaki et al.
concluded that linguistic experience selectively affects only the

speech mode of processing and not a more general auditory mode,
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The two series of speech and nonspeech stimuli from the
Miyawaki et al. (1975} study were alsoc used by Eimas (1975) to
examine discrimination of the Jr/ - /1/ distinction in two and
three month-cld infants with the HAS procedure. The discrimination
data obtained for the speech stimull indicated that discriminatien
of stimuli from within an adult category was less than
discrimination of gtimuli from diffaerent categories;
discrimination of the isolated chirps was approximately the same
along the entire stimonlus continuum. Thus, these results also
indicate that for infants speech is perceived categorically while
comparable acoustic cues in nonspeech contexts are not. Eimas
concluded that the categorization of speech is due to sgpeech
specific processing mechanisms and therefore is evidence against
alternative hypotheses which suggest that phonetic boundaries are
simply located at regions of increased diseriminability along
either simple or complex acoustic continua.

The investigators discussed above have all interpreted their
results as support for either the effects of perceptual learning
or, even more recently, for the operation of a specialized speech
mode of processing. Recently, however, new experimental findings
from research with animals, young infants, and further stuodies
using nonspeech stimuli suggest that categorical perception per se
may not be appropriate evidence to support the distinction between
the processing of speech and nonspeech signals. These recent
findings have alsc called into guestion the postulation of a
specialized speech mode of perception and have suggested a more
general framework for understanding the perception of complex
acoustic signals in terms of processing limitations on the
apditory system.
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in an important study, Kuhl and Miller (1975) demonstrated
that chinchillas can be trained to respond differentially to
natural and synthetic tokens of the consonants /d4/ and /t/. They
obtained labeling functions whose shape and boundaries coincided
quite closely to those obtained for humans. Since chinchillas do
not have spoken language, it is unlikely that they use a
phonological coding system or a speech mode of processing. Given
these results, the claims surrounding categorical perception have
to be reevaluated in +terms of the acoustie or psychophysical
attributes of the specific stimuli in gquestion not by recourse to
the postulation of a specialigzed mode of perceptual processing.

Bdditional investigations of infant spsech perception of VOT
have also cast doubt on the notion that categorical perception
implies the operation of a apeach mode of perception.
Cross-language studies conducted by Lasky, Syrdal-Lasky and Klein
{1975) and Streeter (1976) suggest that phonetic categories
resulting from differences in the perception of VOT may be the
result of naturally defined regions of high discriminability along
the VOT continuum vrather than the consequence of specialirzed
speach processing or phonetic categorization.

Lasky et al. (19275) investigated +the perception of the
bilabial stop consonants /ba/ and /pa/ which can be distinguished
by differences in VOT. Their subjects were four to six and a half
month old infants from monolingual Spanish environments. They used
a heart rate habituation/dishabituation technigue in which
diserimination 1is inferred from changes in heart rate correlated
with stimulus changes after the infant habituates to an initial

stimulus. The infants were presented with stimulus pairs having
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VOT values of -20 and +20 msec, -20 and -60 msec and +20 and +60
msec. Since only the latter two pairs were reliably discriminated,
the results suggest category boundaries were located between each
of those pairs, therefore providing evidence for at least threae
phonetic categories. Most interesting, however, was the finding
that neither of these boundaries corresponded to the adult
boundary found for Spanish speakers.

Streeter (197&) examined the discrimination of VOT
differences in the bilabial stops /b/ and /p/ in Kikuyu speaking
environments using the HAS technigque. The infants were presented
with stimulus pairs having VOT values of -30 and O msec, +10 and
+40 msec and +50 and +80 msec. Only the former two were reliably
discriminated by her infants. Thus, Kikuyu infants also show
evidence for three phonetic categories which do not correspond
precisaly to the boundaries observed in adults who do not have a
voleed- volceless distinction for bilabial stops.

Finally, data collected in two separate investigations of VOT
simulated with nonspeech slgnals has shown evidence of categorical
perception. Miller et al. (1976) simulated VOT in nonspeech
signals by wvarying the duration of a noise burst preceding the
onget of a buzz. The labeling task consisted of a choice between
noise and no noise present before the buze. The discrimination
task used an oddity paradigm. Labeling resultas showed consistent
identification with a sharp crossover between the two categories.
Discrimination was best for stimuli selected from different
categoriea but close to chance for gtimuli within a category.
Miller et al. interpreted these results as evidence that

categorical perception should be considered in terms of
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psychophysical boundaries for perceptual effects obtained when
components of a complex stimulus change continuously relative to
the remalnder of the stimulus. At a threshold, the changing
component results in increased discriminability. Across a
threshold, discriminatlon of various changea in the magnitude of
the component follow Webers law untll another threshold is
encountered.

Pisonl (1977) reasoned that such an account of the Miller et
al. data suggestas the presence of naturally defined category
boundaries along the VOT contlinuum which occur when new perceptual
attributes emerge as a function of continuous wvariations in a
parameter of a complex aignal. In this study, Pisoni (1977)
simulated VOT in nonspeech tonal stimuli by varying the relative
onget of two component tonea. The stimulus complex consisted of a
500 Hz and a 1500 Hz tone. The onset of the 500 Hz tone was varied
betweaen +50 and -50 masec relative to the 1500 Hz tone. He found
that the identification functions for these stimuli were very
consistent with sharp crossover points separating categories.
Moreover, the ABX discrimination functions showed peaks at the
crossover points and reglions of low discriminability within a
single perceptual category. Thus, thase results provided
additional evidence that nonspeech stimuli could be perceived
categorically. Furthermore, Pisoni found evidence for three
perceptual categories which corresponded to the judgments of three
temporal events; simultaneity, leading and lagging. The leading
and lagging events had boundaries at roughly =20 and +20 msec.
Pisoni muggested that the results obtained for VOT perception in

animals, human infants and adults could be explained in a
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consistent way by assuming a natural limitatiomn on the temporal
resolving power of the auditory system. The continuous variations
in one or more dimensions of a complex stimulus are judged in
relation to the temporal attributes of other events. Thus, the
listener appears to be sensitive to the presence or absence of a
particular attribute resulting from a change in some configuration
rather than the magnitude of the difference. As a consegquence, the
categorical perception of VOT in initial position could be
interpreted in terms of the relative discriminability of the
temporal order of two or mors events.

Other nonspeech stimuli have also been shown to be parceived
in a categorical manner. Cutting and Rosner (1974) demonatrated
that musical tones differing in rise time could be consistently
labeled as either a “pluck™ or a "bow" by adults. The ARX
discrimination functiona showed the characteristic peak at the
crossover point iIin the labeling Function and low diserimination
within the two categories. JuscEyk, Cutting, Rosner, Foard and
Smith ({1977) presented "pluck” and "bow" stimuli to two-month-old
infants using the HAS technique and obtained a change in sucking
only between stimuli from different categories. These results wers
interpreted as evidence that human adults and infants can perceive
at least some nonspeeach stimuli in a categorical fashion. Jusczyk
et al. suggested that the perceptual properties of speach such as
categorical perception may well have developed around the exlsting
perceptual properties of the auditory system and not as the result
of an entirely new speech processing system.

These recent findings with complex nonspeech signale such as

"plucks” and "bows" and the simulations of the timing eventa in
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VOT stimuli suggest that categorical perception may be based on

the acoustic or psychophysical attributes of the stimuli rather

than phonetic categorization that is accomplished by mechanisms
specific to a specialized speech mode of processing. However,
support for such a hypothesis requires the investigation of
acoustic cues other than VOT that are known to be important in
making phonetiec distinctions in various contexts. The experiments
reported below were conducted +to examine the perception of the
acoustic cue of closure duration. Thls cue was simulated in a
nonspeech environment by varying the duration of a silent interval
between two component tones. Since closure duration is a temporal
cue known to be sufficient to dlstinguish voicing in intervocalic
position in a categorical manner, it was of interest to determine
whether the same cue is perceived categorically in a nonspeech
environment while still preserving the stimulus structure that
coccurs in speech environments. Previous experiments that examined
discrimination of closure duration in nonspeech environments
showed near chance performance. As a consequence, it was difficult
to draw any firm conclusions about Iinherent discriminability of
the nonspeech continuum. Evidence that closure duration is also
perceived categorically in a nonspeech environment would be an
important finding to support the development of a more
comprehensive theory of the perceptual processing of speech based
on the psychophysical propertiesa of the stimuli themselves rather

than one based primarily on the operation of a specialized speech

mode of processing.
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Experiment 1

As noted above, Lisker (1957) demonstrated that a series of
stimuli differing from “rabid" to "rapid" could be generated by
manipulating the duration of the silent interval between the first
and second syllables. In this first experiment closure duration
was simulated by manipulating the duration of silence between two
complex tonal stimuli. Subjects were trained to identify stimuli
along this continuum in order to determine whether closure

duration exhibits categorical labeling functions when presented in

a nonspeech enviromnment.

Method

Subjects. Sixteen paid volunteers were obtained through an
advertisement in a student newspaper. All were right-handed native
speakers of English and were paid a base rate of $2.00 an hour
plus whatever they could earn during the experiment.

Stimuli. Three complex tones each composed of a triad of 250
msec sine waves were generated digitally on a PDP-11/05 computer

using a program called Tone (Kewley-Port, 1976). The first tone

Al, was composed of three sine waves having freguencies of 470 H=z.
1500 Hz and 250 Hz. The respective amplitudes of these three
components were 66dB, 574P and 514R SPL. These values were chosen
to simulate those for the neutral schwa vowel. The second tone,
A2, was composed of the same three sine waves as Al except the
£inal 50 msec of each component simulated a formant transition or

rapid spectrum change into the glosure period. This was done by
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decreasing the 470 Hz component to 350 Hez, the 1500 Hz component
to 1250 Hz and the 2500 Hz component to 2100 Hz linearly during
the last 50 msec while atill maintaining the same relative
amplitudes. The third tone, A), was composed of the same
parameters as A2 but the simulated formant transitions out of the
closure period consisted of a frequency rise during the initial 50
msec rather than a terminal decline as in A2.

Two gpets of thirteen stimuli were generated by pairing Al
with Al (the Al-Al series) and A2 with A3 (the A2-A3 series). The
stimuli varied in the duration of the silent interval between the
offset of the first tone and the onset of the second tone from 40
msec to 160 meec in 10 msec steps. This experimental wvariable will
hereafter be referred to as the duration of the silent interval.

These stimuli are represented schematically in Figure 1.

The Al=Al series was designed to investigate the acoustic cum
of closure duration in two complex tones simulating one aspact of
the structure of speach, namely, the presence of at least thres
formants. The A2-A3 series was designed to examine the perceptual
effects that occur when other features contained in speech signals
are added such as formant transitions. If subjocts are sonsitive
to changes in the overall stimulus complex leading into and cut of
closure, we would expect concurrent changes in the labeling and

discrimination functions.
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Procedure. The presentation of stimull, data ceollection and
feedback to subjects was controlled on-line by PDP-11/05 computer.
The digitized waveforms were reconverted to analog form via a
12-bit D/A converter running at a sampling of 10 kHz. The =signals
ware presented to subjects binaurally through Telephonics (TDH-239)
matched and calibrated headphones at a comfortable listening level
of about 80 dBR (re 0.002 dyn/em2) throughout these experiments.

The present experiment consisted of two 1 hour sessions
conducted on separate days. Each session began with an initial
shaping phase during which the stimuli with silent intervals of 50
meac and 150 maec were presentad in short altermating blocks wilth
feedback. The size of these blocks decreased from five stimuli to
one® stimulus. The subjects were instructad that their task was to
learn which of two buttons was associated with each stimulus
pattern. Immediate feedback for the correct response was provided
by illuminating a small light above the correct response button.
Mo explicit coding or labeling instructions were given to
aubjects. This procedure left the subjects free to adopt their own
strategles. After €0 trials these two stimuli were presented in
random order with feedback. All subjects were required to meet &
criterion of 90 percent correct for identification of the training
stimali to be included in the subsequent identification phass of
the experiment.

In the identification or labeling phase of each sessieon, the
subjects were presented with all 13 stimuli from a given stimulus
series in random order. They were instructed to respond exactly as
they did in the preceding shaping phase but feedback was no longer

provided after each trial. Bix subjects were presented with the
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Al-Al peries on Day 1 and the A2-A3 series on Day 2; ten subjects

received the A2-A3 series followed by the Al-Al series.

Resul ts and Diacuaaion

All sixteen subjects learned to respond to the endpoint
stimuli with a probability greater than 0.90 during the initial
shaping phase of the experiment. The group labeling function for
the Al-Al and A2-Al stimulus series are shown in Figure 2. The
Al=-Al series is shown by the open circles and dashed 1lines; the

A2-A3 wseries is indicated by the filled circles and solid lines.

Insert Figure 2 about here

In this figure it can be seen that the functions for the

Al-Al series and the A2-A3 series are essentially the same. The
mean crossover point of the Al-Al series is 106 msec with a
standard deviacion of 18 msec. The mean crossover point of the
A2-A3 meries is 105 msec with a standard deviation of 16 msec. The
difference between the means was not significant (tl4 = . 776:; p >
05). These results demonstrate that the addition of simulated
formant transitions into and out of the silent interval in the
A2-A3 nmeries has no systematic effect on the crossover point in
these labeling functions for the nonspeech stimuli.

As mentioned above, Liberman et al. (1961) studied perception
of closure duration in synthetic speech and nonspeech stimuli.
However, they did not collect any labeling data for their
nonspeech stimuli although they inferred the presence of a

boundary between /b/ and /p/ at approximately 70 msec and,
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DURATION OF SILENT INTERVAL (MSEC)

Figure 2. Group labeling functions for the 16 subjects in Experiment 1.
The Al-Al series ig indicated by open circles and dashed lines, the
A=A geries I8 indicated by fllled circles and solid lines.
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surprisingly, a second boundary between 100 and 110 msec. This
second boundary at 100-110 meec was not as well defined as the one
between /b/ and /p/ baot it wan definitely presant in
discrimination data. Interestingly, the crossover points obtained
in the present experiment appear to correspond to the less wall
defined boundary rather than the one observed at the shorter
duration. Perhaps if a third response category was available to
the subjects in the present teats, they would also show evidence
of three categories. However, 1t 18 not clear why the less
well-defined boundary appeared in these labeling functlons and not
the more well-defined boundary assoclated with /b/ and /p/ at 70
maec.

These labeling data on nonspeach stimuli Jdemonstrate that
subjects can assign nonspeech stimuli differing in the duration of
a silent interval into two discrete perceptual categories.
However, 1t is alsoc necessary to obtain ABX discrimination
functions in order to compare the observed performance with that
expected from identification, Experiment 2 was designed to measure
discrimination of the duration of the silent intervals in the same

stimaoli.
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Experiment 2

In this experiment subjects were required to discriminate
between palrs of stimuli differing in the duration of the silent
intarval . Our goal was to determine whether the observed
discrimination functions are nonmonotonic and show the

characteristic peaks and troughs of stimuli that are typically

perceived categorically.

Method

Subjects. Flfteen paid volunteers were obtained in the same
manner as Experiment 1.

Stimuli. The two sets of 13 tonal stimuli that were used in
Experiment | were also used in this experiment.

Procedure, The presentation of stimuli, data collection and
feedback was conducted as in Experiment 1. The ten three-step
pairs, resulting in 30 mesec differences between test stimuli were
arranged in the four ABX permutations and presented to esach
subject with feedback for the correct response. Subjects were
instructed to determine whether the third sound in each triad waas
most like the first sound or most like the second sound. The

timing and seguencing in the experiment was self-paced to the

slowest subject in each group.

The experiment was conducted in two 1 hour testing sessions
occuring on separate days. On each day subjects received eight
replications of each etimulus comparison for a total of 320 ARX
trials. Seven subjects were presented with stimuli from the Al-Al

series on Day 1 followed by the A2-A3 series on Day 2. The
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remaining eight subjects received the two stimulus geries in the

reverse order.

Results and Discussion

The group ABX functions for the Al-Al series and the AZ-A3
series are displayed in Figure 3. As in the previous experiment,
the Al-Al series im shown by open circles and dashed lines while
the A2-A3 series is shown by solld circles and solid 1lines. Both
ABX functions are relatively flat and very close to chance. The
fact that these discrimination functions are so close to chance
makes any conclusions tenuvous at +this time. Apparently, our

subjects had great difficulty discriminating these differences.

L -— -

Insert Figure 3 about here

An examination of the individual discrimination functions for
both the Al=-Al and A2-A3 series revealed substantial variability
in the location of the peaks and troughe. The functions were
erratic with the peaks rarely rising above 60 percent correct and
the troughs often dropping below the 50 percent chance level. Such

findings suggest that subjects were unable to focus their

attention on the distinctive acoustic cues in these atimuli. The

overall performance for each individual was very close to the 50

percent chance level.
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General Discussion

The first experiment described above dJdemonstrated clearly
that subjects can classify nonaspeech stimuli differing in the
duration of a silent interval inteo two discrete categories with a
ralatively sharp crossover point batween the two categories. The
addition of simulated formant transitions does not appear to alter
the eshape or the boundary of these labeling functions. Howaver,
these results taken alone are not sufficient to argue for the
categorical perception of this acoustic cue. The additional
condition that these stimull demonstrate nonmaonotonic
discrimination functions with a peak at the crossover point in the
labeling functions and low discriminability within categories was
not observed in the second experiment. The ABX discrimination
performance was very poor and qulte close to chance at almost all
stimulus values along the continuum suggesting that these subjects
could not discriminate the dAifferences in the silent Lntercval.

In the earlier study of Liberman et al., (196l1) labaling
functions were not cbtained for the nonspeech stimuli which were
two noise bursts separated by various durations of silence. The
nonspeech ABX discrimination functions, however, were also flat
and very close to chance. Libarman et al. considered the nonspeech
discrimination functions as representing the “true"
discriminability of the acoustic cue of closure duration withoot
the benefit of any linguistic experience. The discrimination peaks
observed in their synthetic speech stimuli varying in closure
duration were therefore ascribed to learning through a procesa of

acqguired distinctivenass.



The discrimination results of Experiment 2 would appear, at
£irast gqlance, to confirm the earlier results of Liberman et al.
(196l). Purthermore, it might be argued that such results are
additional evidence that certain acoustie cues to apeech are
perceived differently in speech contexts than when they appear in
nonspeech contexts. The problem with this interpretation is that
it is based upon data representing chance level performance
obtained with the nonspeech stimull, Such low overall
discrimination performance makes a direct comparison with speech
stimuli that exhibit very high overall discrimination performance
quite difficult. It may well be that some other factor is
responsible for the low performance and the absence of peaks in
the nonspeech discrimination functions. l

One possibility that we considered was that the subjects were
not attending to the relevant attributes in these complex stimoli
necessary to distinguish these sounds. Furthermore, two different
groups of subjects received exposure to the labeling and
discrimination experiments reported here. It is possible that
higher performance in the ABX discrimination tasks might have been
obtained by prior exposure to the labeling task and/or by more
explicit instructions that would direct the subjects attention to

the silent interval in the atimuli. BSuch instructions might
include explicit labels such as “gap" wvs. "no gap" or "short" wvs.
“long gap® to draw attention to the differentiating attributes of
the stimuli. Another possibility would be to instruct subjects to
listen to the center of the stimuli when they determine whether
the third stimulus was most like the first or the second in the

ABX task. We found in listening to these stimuli that it was
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difficult to determine where the gap was. The two components of
#ach stimulus were not percelved as a unitary event at all but
rather they appeared as separate avents in timae.

If an increase in the ABX discrimination performance could be
obtained through these manipulations at least ¢two different
outcomes are possible. First, the nonspeech stimuli differing in
gap intervals might then exhibit the nonmonotonic funections that
contain the characteristic peaks and troughs of categorical-like
discrimination functions. Such a result would then allow for a
direct comparison with the speech stimuli and lend further support
for the notion that the perceptual processing of speech may be
based on the psychophysical attributes of the stimuli themselves,
at least in the case of certain temporal cues.

A second posslibility is that the discrimination performance
may be raised substantially but still retain a basically flat
monotonic shape across the entire stimulus continuum. This outcome
would imply that the acoustic cue of closure duration 1s, in faet,
perceived differently when it appears in nonspeech contexts than
when it appears in speech contexts. To test this notion other
axpariments should be carried out in which the same durations of
silence are enclosed by vowels which match, at the very least, the
durational characteristicsa of the nonspeech signals. Comparable
per formance combined with the appearance of categorical Ilabeling
and discrimination functions would provide additional support for
the notion of differential processing of speech and nonspeech
signals and for the operation of a speech mode of processing.

Several findings have suggested that closure duration alone

may not be the only cue for the volced-voiceless distinction in
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stop consonants in medial or intervocalic position. Port (1979)
has suggested that the relevant cue for this distinction is
closure duration relative %o the duration of the preceding
ayllable. Thus, in case of “"rabid" versus “"rapid™, a subject will
hear the former when the ratio of the silent interval to the
duration of the first syllable is leas than one and will hear the
latter when the ration ls approximataly equal to one. To test this
possibility we plan to generate synthetic tckens of the words
“rablid" and "rapid®" so that duration of the final syllable is held
constant while the duration of the firat syllable and the closure
duration are varied systematically over a range of values. If the
eritical perceptual cue is the ratio of closure daration to the
duration of the first syllable, any stimulus ratio less than one
should yield judgements of "rabid" while those approximately equal
to one should yield Judgements of "rapid”;, regardless of the
absolute value of the closure interval.

A nonspeech analogue of the "rapid-rabid”™ experiment should
also be constructed using stimull mimilar to those of the present
experiments. The stimuli will be exactly the same in all respects
except that the duration of the initial component in each series

will be either 100 or 150 meec. The gap interval will then be
varied. If results show labeling and discrimination performance

like those observed for the speech version, +this outcome would
lend further support to the notion that speech perception is based
upon the psychophysical attributes of complex acoustic stimuli. If
these stimali show comparable but flat monotonic discrimination
functions relative to the speech stimuli differing in the same
cue, a case could be made for the existence and operation of a

specialized speech mode of processing for speech stimuli.
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Almost all the research conducted on closure duration as a
cue to volelng has removed the low frequency volcing energy during
the closure interval. Since Lisker (1957) Jdemonstrated that
closure duration alone is sufficient to cue the volced-voiceless
distinction in minimal pairs, the presence of voicing pulses has
been largely neglected. Tt is possible that the presence of
voleing during closure may have a substantial effect on
distinguishing "rabid" from "rapid" in natural speech. The voicing
reaponss might then be based on a temporally contlinuous versus a
temporally discontinuous event. This posaibility could be examined
in & nonspeech environment by manipulating the Auration of the
silent interval with and without low frequency energy occurring
during this interval.

In summary, the two experiments reported hers ware concerned
with the question of whether the acoustic cue of closure durationm,
utilieged in distinguishing voicing distinctions between stop
sonsonante in intervocalic position, is perceived in a categorical
manner when it appears in a nonepeech context. Suach a
demonatration would be useful in detailing the extent to which the
perceptual categories of speech are basad on the psychophysical
attributes of the stimuli themeelves. The resulte of this study
indicated that while individuals can reliably identify the
nonspaech stimili differentially based in differences in the
duration of a silent interval, discrimination performance was flat
and very close to chance. Purther experiments are currently
underway to determine éhi basis of the poor discrimination
performance observed with these nonspeech stimuli and to draw
appropriate comparisons with speech stimoli differing in the

duration of the silent interwval.
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Abstract

By employlng new methods of analysis to the physical signal, a number of
researchers have provided evidence which suggests that there may be invariant
acoustic cues which serve to identify the presence of particular phonetic segments
(e.g. Kewley-Port, 1980; Searle, Jacobson & Rayment, 1979; Stevens & Blumstein,
1978). Wherecas previous studies have focused upon the exi;tence of invariant
properties present in the physical stimulus, the present study examines the
existence of any invariant information available in the psycholozical stimulus.
For this purpose subjects were asked to clasgify either a series of full-CV
syllables ({bi], [be], [bo}, [(ba]), [(di], [de], [do}, [d$])) or one of two series

of chirp stimuli consisting of information available in the first 30 msec of each

syllable. The full-formant chirp stimuli consisted of the first 30 msec of each

syllable, whereas the two-formant chirps were composed of the first 30 msec of only

the second and third formants. The object of the present study was to determine
whether or nnt there was sufficient information available in either the full- or
two-formant chirp series to allow subjects to group the stimuli into two classes
corresponding to the identity of the initial consonant of the syllables (i.e. [b]
or [d}. A series of classification tasks were used, ranging from a completely free
sorting task to a perceptual learning task with experimenter-imposed classifications.
The results suggest that there is information available in the full-formant chirps,
but not the two-formant chirps, which allows subjects to group the sounds into
classes corresponding to the identity of the initial consonant sounds. Thus, the

present results show that within the first 30 msec of CV-syllables invariant cues

to the identity of initial consonants are available in a form usable by the perceiver.
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A central problem in Epeech parception is how & listener i= able to recognize
the presence af o particular phone in &l of its possible utterasce comcests, The
mast srraiphtiorsard salution to this probles would b to leolate & perricslar
phone in the speech stresm smd to ldentify the propatiy or propercies wRich signal
ite presence In all concexts. Bowever, st i wvell-known, there are several
diffiesliviss wicth chic approach. Firse af all, 1t is st slusys possible to
inxcliate and sogmenr phones from the speech atresm. Becouss of cosrticuletien,
informatien shous mora chan one phoms i {requantly present over any given Enterwal
in time. Thus, accemprs to divide = myllable liks [di] Lnte twe segpent= cotrespond-
Ing o [d] mnd (i} hewe been unsucceseful (Liberman, Cooper, Shankweiler, &
fruddert-Kennedy, 1967%. As largar and larger sections af the vocalic portion
al the ayllable are femovad, el lisceser's pereepeion of the remaining portiom
ghanges £rom hearing & shortened |di| cto hesring & nonspesch sound., AL Bo polar
dogs the listensr repart percelving only 4] (wut ses Eewley=Forg, 1980),

Despite the fact thar it 1s mwi alesys poseible ©o isslate Imdividual
phonetic sepments, ond could srill ssl whether there sre [evarisst propesrries La
ihe utterance which [nadlicara rche presence of o piriticelir phoss, Esrly atcampes
e itenlaie wach properties were: hased upen mesruresenls obtsined vis specrregraphic
analyees »f speech. Thess analyses indicsted that vhile sore phones sppedr In
sshibit relstively siable propercies im Silferent phonmetlc contwnts, such as The
shatsctecistics of the nolsa cpectrs sccompanying |s] end [&] (Harris, 1938),
pthet phones sppasr to undorpgo considerable context-corditionsd varlagioe. For
puample, wiudies with pup-formant synchetic speech sounds lndicate that [d] ecan
e sipnaled by a rising second formanc tramsition in some contexts like [di], emd
& falling one in others Tike [du] (Liberman ec al., 1947)., Wot only are Invariane

properties lacking in che spectropraphic repressrrations of [4] aseross different
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phonetic contedts, buE tha some ocoustic properly may éven cus entlrely differen:
phones depanding wpon the Folloiwng vowel context, For exampls, the samse burst
of sound 1s hesrd an [p] when placed befocs an 1], bur & (k] when Sefore oo
[a] (Libermsn, Belsitre, b Coopsr, 19%1; Schare, ey, b Findings such as thess
Led scna resesrchers i3 suppoee, for a4t least cone phoses, thers are no iovariaoce
physical proparciss present in the scoustlc signal (Libarman ec al,, 1967).
Trsgedd, ke sourcs of amy irvarisnts for spsech Sounds was desmed te oceur in the
way in whizh the scoustic mignal wes decoded by che perceiver. In pacticular, i
was hypochesized that the invarlamcs batween che different manifestativns of a
patticular phone in waricus eontesis could be traced to neural correlates af the
arCiculacary gesturen used to produce 1t.

The belief that some photiss lack Lovariant propertics im the scoustic mignsl
was propagsced by the fatlures to fimd such properties in specirographic analpses
of speech (Liberman er wl., 19&T). iHlowsver, ax wseful an soch snilyses bave been
in frvesrigaciog spoech perception, they comstitote omly eae of o nusher of waye
in vhich the spesch migaal cam e malyeed. Recenrly, some investigacors have
befus 12 employ ochey methods of anaiysis to the soeech signal, Thres efforce which
have achieved some measure of suceses in Ehis avea ace thoas by Eewlay=Vore {l!!tlh
Sesrls, facobson, and Bayment (L979) ded Gcevens and Blusstein (1970 in presal,
The methods waed by Kewlay-Ffert (19800 and hy Searle et al, (LATG) are baned upen
cuitent underatanding of the physielogy nnd paychophysics of the sudivaey systen.
Gearle et al. compure a seriss of running spectra for speech sounds from which
gertain Testures sre extracied to determine what phons waes urtered, Although
ancouraging, the recognition sccurscy of cheir model [I7I for detection snd classi-
fication of atvp cossonants iz jaltisl pesiciomnl srill falls short of that obtained

ia Byman speech perception, Oslag sl ightly differenc Ellraring parmacers and a
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more fine-grained analysis of running spectra, Kewley-Port (1980)'s model
approached the accuracy of human speech perception, Under similar test conditions
to those employed by Searle et al., Kewley-Port's model obtained an overall
recognition accuracy score of 887%.

The approach taken by Stevens and Blumstein (1978, in press; Blumstein &
Stevens, 1979) is based upon considerations derived from the acoustic theory of
speech production (Fant, 1960). The basic ﬂocion behind this approach is that
owing to the acoustic properties of the cavities in the vocal tract, the spectrum
sampled over the 10-20 msec immediately following consonantal release will have
distinctive overall characteristics for different places of articulation. The
time window that Stevens and Blumstein use in compuzing the onset spectrum is
long enough to include both burst and some formant transition information. However,
unlike earlier analyses which tended to examine each of these cues independenfly,
the cues occur together in an integrated form in the onset spectra. Ience,
invariants for speech sounds are presumed to lie in the overall gross shape of the
spectrum at onset. As a test of the accuracy of their model, Blumstein and Stevens
(1979) examined a large number of CV and VC tokens containing both voiced and
voiceless stops produced by several speakers. Despite some variability across
vowel conrexts, the model attained an overall correct identification for CV
syllableés, However, recognition accuracy for VC syllables was only 76%., loreover,

a later test of the generality of the model to nasal stops was considerably less
successful as the false alarm rate for the model was as high as 67% in some instances.
Nevertheless, even the limited success which Stevens and Blumstein have achieved

has spawned renewed interest in the search for invariant acoustic cues in the

speech signal.
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The recent gains towards identifying potential acoustic invariants have
come about because investigators have employed new ways of describing the physical
signal.

The goal of these investigators is to discover a description of the physi-

cal signal under wvhich physical properties associated with a particular phone

remain constant across various contexts. The hope is that if such a description

were found, it might correspond to the one used by the perceiver in recognizing
speech. However, the best physical description of a set of stimuli need not
correspond to the best psychological description (Boring, 1926, 1933; Gibson,
1966; Smith & Kemler, 1978). A description of the speech signal in terms of some
invariant physical praperties will provide a successful account of speech
perception, only insefar as it isolates those properties that the perceiver

operates on. What is required is that any proposed set of invariant properties

for phones derived from a description of the physical stimulus also remain invariant
under a description of the psychological stimulus. Therefore, an alternative and
hopefully converging way of approaching the invariants issue would be to begin

with a description of the psychological stimulus., At what point, if any, in the
analysis of the speech signal does the listener behave as though there is invariaant
information common to all instances of a particular phone?

Recent veosearch has begun to address this issue of the psychological reality
of omnset-spectra cues (Blumstein & Stevens, 1980; Kewley-Port, 1980). 1In a series
of studies Blumstein and Stevens (1980) collected identification data for brief
segments excerpted from the initial portions of gynthetic consonant-vowel stimuli,
Subjects labeled these stimuli as either [b], [d], or [g], with a high level of
accuracy even vhen the segments werc as short as 10-20 msec. Moreover, in most

instances, subjects were also able to correctly label the vowel of the syllable

from which the stimulus had been excerpted.
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Blumsiein snd Stevens' {1980) results Indicate chat there Iy informacion
wrallable Ia the omser specitw of CF syllables which the perceiver zan uss o
detaralne the (dentity of & particalsr phone. Thals remlts touen Logecher with
thelr sariisr work (Stevens b Mluvestein, 1978) would seem Lo seggest that the
imvarient propertcies derived froe thelr snslyees of the phyaical silsslss are
prigear a8 well ln soew form In the peychological stisulss., HRowever, belore this
concluslon can be sccepied, several factors ousi be comaidanid, First of all,
since Bluastein smd Svevens (19800 always conducted vhelr tdentilicetion tesis
separately fov each vowsl contest, It Is possible that subjects employed dilferent
cues Eo satablish the ddenticy of a pacticular phona Ln sach contsug, Certainly,
the fact that Aubjects were quilin succennful in recognizing the following vowal
is consiprent with the wes of coniexg-deperdent cues to escablish the ddemeity af
the condenant. Second, by lnetrweting thelr sebjects te lahel che erlmuli as
(k] 1d]. ar |gl, Blumstein and Stevaos imponed A conscrailng op the kinds of
percepiual categorlos uhieh subjectn could farm. The lmposicien of such eomacraints
makes it JEfCieult e know wheiher o cotegocizacien sceording co [b), [d], and [g|
represencs the sost naturnl ssychologleal grouping ef the sounds,

The smaln objective al the prassnt stuily was fo determine whether brief
seqmancs of speech at the onsats of syllables contain imvarisnt informatton far
phensd in & form which s udable o the parcelver. While the basic objeccivas
of the two studles are sinilax, the approsch taken in che presear etuwdy Jiflers
is several notable weys from that of Blemstein snd Scavens (15807, Firsc ue
srployel fres classification taskis oo determins subjects’ natwral groupings for
srief ssgmants of speech. In such taska, ssh)lects oTe sssanrially free o group

the stimmli tn amy way they wish, Second, La irsrences in vhich subjeccs wors
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directed to classify sccording to phonetic categories, their performance was
agsessed by comparing it to that obtained when they were instructed to sort
atcording to an arbitrary classification scheme, TInclusion of such a comparison
made it possible to test whether a classification according to a phonetic invariant
was any more psychologically real for subjects than an arbitrarily chosen grouping.
Third, a variety of vowel contexts were present im all classificatlion tasks.

Fourth, in addicion to utilizing brief segments of synthecic speech with a full
complement of formants, the present study alsc employed both complete syllables

and brief two-formant patterns from which the first formant had been deleted.
Classificaction of che latter scimuli was examined because it has been claimed

that the deleted ficsc formanc informacion is redundant across different places

of articulation {e.g., Mattingly, Liberman, Syrdal, & Halwes, 1971). The effect

of deloting such "redundant” material on the perceptual categories of brief segments
is of interest—especially since these “chirplike™ patterns have been ugsed as
nanspeech controls in many experiments {(e.g,, Matcingly, et al., 1971; Morse,

1972). The speclfic questions addressed in the present study include the following:
(1) Are brief segments of speech corresponding to one consonant {e.g., [h])}
perceived to he more similar te each other than ones corresponding to different
consonants f{e.g. [b] and [d])? (2} Might such segments be perceived as falling

into categories isomorphic to ones organized by initial phometic segments? (1) More
specifically, if subjects are presentoed with brief specch segments corresponding

ro {be, be, bo, ha*l and [di, de, do, da” ], will they perceive these segments

as belonging to two distinct perceptual categories--"b" and "d"?

Experiment 1
The hypathesis that brief segments of speech contain invariant information

leading to cthe recognicion of particular phones implies that all segments concaining
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7
the sane invitiants are perceived as being sinilar., This hypothesis dors mof
Ilmply that tho listener is necessarily able o Label @1l the sepwnts correspond-
ing tw i purticular phone (say [d]) as soundimg like "d™. The crizical questian
1§ whathar lletenars percesive brief segmenis cofresponding to [£] as distimct
from thase corresponding to [b]. Thes, Exparisear I conslsted of & clasaifisarism
task in which subjectis wvore fres to classify the stimeli in any way vhich chay chosa.
Dur geestlon wis Wethar ubjects sasily sad maturally grown bBrief segmenzs of
gpeach I6to cateporien cotiesprading o phooetic onew.

Thres types of stisuli were mplopsd to address this lssus: complete CV
ayllakles, trumcatsl véruloms of thase syllables cootalning acly the Flest 30 maes
af sach (herfealter relerted to as “full-formant chirps™), and tromisted versloma
of che wyllablas concalning Anly the ficet 30 mssc of the sacond and thitd
fornents (Rereafcer <alled “pwo-lofmunt ehleps™). Full OV syllablas uerd Lacluded
gimce Lt wos msperted thar subjscts might =asily sort these scimuli isto cacegories
basid on che ldeacity of their initlal consonants. The full-formant chirps were
enployed hatiusa Chasa segnents prosarved che ondet specire Lleformatgion which
Scavens ard Blesatein [im press) honve elaloed provides the imvariant phonecic coes.
Fimally, o =farsont chirpa ware aesonined becsute such patterms have often been
used Lo present listenara with che "“wann acoustic inlomation” in a nmonspeech
context [hat i presant in A speech contesi, (e.g., Elmas, 1973; Magcimgly et ai.,
1971 Miyawaki, Scrange, Verbragge, Libeman, Jeskine, & Pujlowrs, 1975 Borse,
19123, 1f the rwo=forment chirpe really do presarve the same acoustic informarion
s cha syllables, thes oo might oupedi ta sbserve similst sorting patter=s for

those tea types of stimell,
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Method

Stimuli

The stimuli consisted of eight $ynthetic speech syllables [bi, be, bo,
ba , di, de, do, da" ] plus the two truncated versions of cach. All stimuli
were prepared on a PDP 11/05 computer in the Speech Perception Laboratory at
Indiana University and were’ generated with the cascade-parallel synthesizer de-
signed by Klatt (1980) and modified by Kewley Port (Note 1), The eight natural
speech tokens spoken by P. W. J. that served as models for constructing the

synthetic tokens are displayed in figure 1. The specific rauge of vowel contexts

included in the syllables was chosen to maximize differences between the

Insert Figure 1 about here

relationship of the first, second, and third formants. This measure was adopted
so as to provide the strongest possible test of potential invariant cues to
the initial consonants.

The syllable stimuli were all generated without release bursts and were
equated for overall duration (295 msec) and pitch contour. The latter had an
initial value of 121 Hz, rose to a peak of 125 Hz after 45 msec, and then fell

linearly to a terminal value of 100 Hz.2 Syllables sharing a common vowel

(e.g., [bo] and [do]) were equated in all respects except for their second and
third formant transition values. Table 1 presents the values of the first, second,
and third formant values sampled at four points in the duration of each test

syllable.

Insert Table 1 about here

Tull-formant chirps for each syllable were produced by truncating the

syllable after 30 msec., at which point the transitions of the first, second and
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Table 1

First, second, and third formants transitions (0-30 msec) and steady state
frequencies (corresponding to the following vowel: 31-295 msec) in Hz for

the 8 syllables sampled at 4 points. The relationship between the frequen—
cies of all adjacent samples 1s linear.

0 msec 30 msec 200 msec 295 msec
F1 200 300 249 220
/vi/ 2 1500 2000 2160 2250
3 2200 2800 3057 3200
Fl 200 300 249 220
/di/ 2 1900 2000 2160 2250
3 3300 2800 3057 3200
Fl 200 550 678 750
/be/ 2 1400 1850 1850 1650
2100 2500 2500 2500
F1 200 550 678 750
/de/ 2 2250 1850 1850 1650
3200 2500 2500 2500
Fl 250 500 500 350
/bo/ 2 650 1050 1050 800
1700 2240 2240 2240
F1 250 500 500 350
/da/ 2 1800 1050 1050 800
3000 2240 2240 2240
F1 200 600 600 600
/b / 2 800 1200 1200 1200
3 1100 1600 1600 1600
F1 1200 600 600 600
/dz*/ 2 1600 1200 1200 1200
2600 1600 1600 1600
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third formants were complete. Thus, the relevant formant trajectories are
identical to those of the full syllables and are displayed in the firsc two
colunns of Table 1. Moreover, since the full-formant chirps are merely
truncated versions of che complete syllables, che onset spectrum for a given
full=formant chirp is identical to that of the syllable from which it is derived.
The onset spectra for the syllables were analyzed in the same way as Stevens
and Blumatein (1978) using the linear predictioa method and by pre-emphasizing
the higher frequencies and emploving a 26 msec time window (Kewley-Port, Mota 2}.3

The resulting spectva for the scimuli are displayed in Figure 2,

Ingert Flgure 2 about hare

The two-formant chirps were gonerated by essentially removing the first,
fourth, and fifch formant information from the full-formant chirps. However,
since the remowval of this information can result in a drastic change in the
amplitude relations between the second and third formants, measurements of the
amplitudes of the transition portions of these Formants were made from each
syllable using che KLAMP program devised by Kewley-Port. The two Eormant chirp
patterns were then gencrated on the parallel bramch of the Klatt synthasizer taking
care tu maintain the appropriate amplitude relations of the formants throughour
the duration of the chirps. Owing to che lack of acoustic cnergy in the regions
of the first, Fourth, amd Fifth formants, the onset spectra for the two-formant
chirps differ considerably from those of the syllables and full-formants. Tigure 3

presents the onsec spectra for the two-formant chirps.

Insert Figure 3 about here
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10

Nine test tapes were generated using an audio tape making program at
Indiana University. The stimuli were coaverted to analogue form in real-
time via a 12-bit digital-to—analogue converter, low pass filtered at 4.8 KHz
and recorded on a Crown model 822 rape recorder at 7-1/2 1ips. There were three
tapes for each of the three stimulus conditions {i.e., full-CV syllables,
full-formant chirps, and two-formant chirps). TFor the syllable condition, each
tape included randomized sequences of the eight syllables {bi, be, bo, be", di,
dg, do, d5]. There were ten occurrences of each syllable for a total of 80
trials per tape. A four-second response interval separated successive ayllables
on each tape. The tapes for the full-formanc and two-formant chirp conditions
were prepated in an identical fashion with the appropriate chiros heing
substituted for syllables. In addition to the testC tapes,'four tapes were
prepared [or each stimulus condition for the purpose of familiarizing the subjects
with the stimulus setrs,
Subjects

The subjects were fifteen undergraduates at Dalhousie University who
recelved coucse credit for participacting in cthe experiment. All were native
speakers of English and reported no history of either speech or hearing disovrder.
Procedure

Each subject was tested individually in a small gquiet room for one half-hour
sassion. Practice and test tapes werc played on a Tandberg TR-3500 X rape
recorder equipped with Koss PRO 4AAA headphones. The volume was adjusted with
reference to a sound level meter (General Radio model 1565-A) so that the
stimuli were played at a level of approximately 72 dB (A) SPL.

An equal number of subjects was assigned randomly to each of the three

stimulus conditions, Subjects were instructed that they would be hearing a series
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11
of eight sounds and that they would have to sort the stimuli into groups. No
explicit rule was provided for the subjects, rather they were told to "put
together the stimuli which sounded the most alike." Subjects were informed
that they were free to form as many groups as they desired. Following these
instructions, subjects were played one of the demonstration tapes containing omne
occurrence of all eight stimuli so that they might familiarize themselves with
the entire set of sounds. Two more demonstration tapes with the eight test items
in different random orders were then played and subjects were asked to practice

assigning the stimuli to groups. Subjects were told to use numbers to designate

the different groups and to indicate the assignment of a particular stimulus to

a group by writing down the group number in an appropriately marked space on
their answer sheet. After the practice trials, subjects were administered one
80-item test tape. A short five-minute break ensued during which time subjects
were told that they were free to change the way in which they grouped the

stimuli if they wished. Upon completion of the break, the demonstration and
practice sequences were repeated prior to the administration of a test tape (with
a different randowm ordering of the stimuli). Before departing, all subjects
completed a short questionnaire regarding the criteria and strategies they

employed iun grouping the stimuli.

Results and Discussion

Owing to the fact that subjects were often still familiarizing themselves
with the stimulus materials during the initial test series (egpecially with the
chirp stimuli), only the data from the second 80-item test series were submitted
to analysis. The first consideration was whether subjects were consistent in

putting a piven stimulus in a particular group or whether they changed the group
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13
to which the stlsulus wvas ssaigned from tinl to trial during the bast, Indonsla=
tont claamifications of particular scunds aight resalt From difficultiss in identify=-
ing tha srimull ssdfor rensnbaring one's grosups. To sssess the overall conslstenay
of subjecta® classiflcagion of the stisuli, a consistency measurs was devissd
using the Belagive B starisvic which provides a messure of tha ssount ef
wncattainty present [a sebjects’ cazegecies [Attoesve, 1959: Garmer, IW1). The
consistency vich which & subject classified & given stimolus is equivaless @@
1-EplH, whare Ralll = Ipls «» Consistenty scores for each of the slight atlesli
ware CoRpuicd uunu:: l':-:t:uh sublece, Thess scores were then sebmizzed to
an ANO¥A of & 3 (condition) K 8 {stionlos) mized design. Salthet of the main
alfects {comdition rE!.II!I- = 1.55; stimalus Fﬂ.l“: = 1.04) mat the intersction
”lH.HJ = 1,22) wos significan: iodicating there was no differencs in the
ennsiscency wich which subjects sorted the syllables or elther type wf chirp
pitterns. MHors importantly, the overall consistency scors of 78 (whars minisus
and mpmimum possible scores are 0.0 and 1.0 reapectively} denenscraten that
subjectis verd able to rellably classily che stinwll into carepories.

The kinds of groups that subjects [ommed depended sonewhat on the srimalus
cond itdon. Edch af the flve subjeccs In the syllable cendiclon sorcml tha eighe
womnds into Four groups based onm wowsl Bdentity: (bd, di), (be. dck (bo, dol,
(oo, do"). Thara was mo indizazion of oy other petiern prevalenc In subjacrs’
seriing of che syllables. Even the suhject whoss sorting lit che vowel ldemticy
ruld lessr vell was accarace Ly this tuls oo I of the criala.

By comtrast, oo particelar claspiflestion pattera prodeminsted in the full-
formant condirion, Housver (sdivides] subjects were sll internally consisceac

in Following the fdlosynsratic classification scheses Uhey had chesen. One sublect
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13
actually follewed the same pattern as those who sorted the syllables, bur the
remaining subjects grouped them in very different ways. Similarly, for the two-
formant chirps, there was no particular pattern extant in the sorting behavior
of all five subjects. Instead, a variecy of patterns occurred. Interestingly
enough, none of the subjects followed the wowel identicy rule wich these stimuli,
alcthough there was some indication, present strongly in the data from one of che
subjeccs, of division according to what might be termed "yowel gim{laricv.” On
100% of the trials, this subject sorced che chirps into two groups-- (hi, be,
di, df) and (ba , bo, do , do)—which conforms to a split based upon a front=-
back vowel diztinction.

Thus, Lo no condition did subjects group the sounds by categories corresponding
to the initlal consunant==chough information about the nature of the intrial
consonant sounds was almoat certainly available to subjects in the syllable
condiction. Thus, the present results do not rule ocut the possibilicy that chere
is invariant information concernling the fdentity of consonants available to the
perceiver in the chirp stimuli. Rather, it can only be said that Lf such
information is available, it does not form the most salient basis for classifying
the stimuli intu percaptual cacegories.

The salience of the vowels in the syllable conditlion is perhaps not so
gurprising. Afcer all, the vecallc portion of the syllables was much longer in
duration than the consonancal portion. Incerestingly, there is some indication
that the full-formant chirps also preserve vowel information. One of the subjects
in the full-formant condition employed a vowel identicy rule in grouping the
gounds. This finding is consistent with those of Blumstein and Stevens (1980}

who employed conparvable stimuli and found that subjects were quite successful in
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s
lahalimg wowels, The ploture for the two=formant patkerns is leds clear. @Ea

mbleatt in this conditien divided the stimull wp Into groups hassd wpen vosmel
ldentity, although severdl sshjects appeared te be following somé sorc of SLEATapY
hased on vowel similarity, Thus ic is pessible chac boch ghe full syllables and
the wrlef beginning segnénts of those syllables contain both cossonsnr sl wowel

information. This poadihillicy was pursusd im che second experimsny by reguiring

mubjedts to sort the ldwnds into only feo categorieds,

Exparinent 11

In che previous stusdy, no subjsct sorted the srimall ints groups based on
the identicy of the initinl consonant sounda, even in the syllabls comdicios,
Inszead, che most prevolent groupiny chossn was & division sccovding co wouwsl
{denricy. One factor which may bave copbvibuted co the cholusaf this classifieation
schons was rhe fect that subjects wvare sof restricoed as tw fthe pumber of cacegorias
chey could uss in serrimg che srimull. The lock of sech rasiviccion plus che
apparent sallamge of the vocalic portions af rhe stimili, nay have encoaTaged
subjects co growp the atlmuli into four equal-sfzed categories hased oo wowel
wenticy.

45 motes] safller, & given set of stimull cas be divided up ln 4 nosber of
different waps. Jusr which way & subject chooses depsnde om 8 mumbor of chings
incloding the nusher of categories to be employed (Carmer. L%74). The moat
phlous goemon faggor For anm waconstrsiied clagsifleation may mor ba che soeac
obvioys one for & division loco EwWo gategories, OGiven the present set of stimull,
poa =ight kypathesize thar a clasalflicacion accoriing Eo the ldencity of the

initiel consomnant would be schatced 4! scbjects were comatraloid o divide the

srimuli up into oaly tvo classas. Wemce, in rhe présanl evperimestc, sub]ecis
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were once again required to sort syllables, full-formant chirps or two—formant
¢hirps inte groups, but this time, they were Instructed to use only two AEOUPS .
Methods

Stimuli

The stimulus materials were identical to chose used in Experiment I.
Subjects

The subjects were thircy undergraduates at Dalhougie University who recelved
course credit for participating in the experiment. ALl were native speakers of
English and reported no hiscory of either speech or hearing disorder.
Procedure

The details of the procedure were virtually identical to that of Experiment T.
The only change vhich was introduced was that subjects were instructed that cthey
ghould divide the stimuli Iinte cwe classes. Otherwise, there were no other
restrictions on the kinds of classes which subjects could form (e.g., the classes
did not necessarily have to contain an equal oumber of members).

Results

Once again, only the data for the second 80-item test block were analyzed.
Consistency scores for each subject were computed using the Eell measure described
in Experiment [. The average consistency score across all conditions was .79, The
geores were Chen submitted to an ANOVA of a 1 (condicion) X 8 (stimulus) mixed
design. In contrast te the previous experiment, thers was a reliable main effect

of stimulus [F” 189) = 4,08, p<.05) ard a marginal main effect of condition
¥

(F .

(2,27} 3.21). MWowever, the interaction between these two factors (F(LA, 189}
« 1.90% did not atcain significance. Post hoc analysis conducted with Newman-Heuls
tests (p £ .05 or becter) indicated that subjects were more comsistentc in

classtfying the syllables than the full-formant chirps, suggesting that the syllables
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were easier to remember. In addition, the consistency scores attained for [bi]
stimuli (.91 overall) were reliably better than those for either [be] or [d3"]

(.68)."

For purposes of describing the classifications used by individual subjects,
each subject's data were scored according to the proportion of trials which

followed a particular sorting rule. 1In order to be classified as having used a

particular sorting rule, a subject had to correctly sort the stimuli according to

the rule on at least 80% of the trials. By this criterion, there were two

prevalent patterns observed for the full-syllables. Three of the subjects divided

the syllables into two groups based on the identity of the initial consonant sounds-—-
i,e., ([bil, [bel, [ba], [bol, vs. ([di], [de], [d= ], [dol), while five chose
groups based on vowel similarity-—i.e., {[bi], [bel, [di], [de] vs. ([do], [b3"],
[do], [d@]). The grouping patterns followed by the remaining two subjects appearad

to be largely idiosyncratic. With respect to the full-formant chirps, one subj]ect

sorted according to consonant identity and two subjects by vowel similarity. The

sorting pattern of two of the remaining seven subjects was notable in that they

divided the stimuli as follows: ([bi], [di]) vs. (all others). This classification

scheme pits the two stimuli having the highest second and third formant offset

values against all the other stimuli. The remaining five subjects in the full-

formant chirp condition employed idiosyncratic sortinmg patterns. In contrast to
the other two conditions, the data for the two formant chirp condition are easily
described since all ten subjects sorted according to the vowel similarity rule
(i.e. [bi], [bel, [dil, [de] vs. [bo], [b3"], [do], [da"]).

The predominant sorting patterns--vowel similarity and consonant identity——

which emerged in the examination of the individual subject data were confirmed
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in an analysis of the group resules. Figure 4 displays the mean proportion of
trials correctly sorted by the vowel and conscnant rules for each of the three
conditions. 1t is readily apparent that across all three conditions, the
preferred grouping was a division according to vowel similarity. 1In each
condition sorting according to a vowel similarity rule was reliably better than

chance {p < .05 or betrter by a t-test}., However, the degree to which the vowel

Inserc Figure & abour here

similarity rule was applicd differed across condicions as the resules of & one-way
ANOVA revealed. There was a sipnificant main effect of Condition tth,ZTJ = £.02,
p < .05) which a Nevman-Keuls vest indicated could be traced to greacer use of
this rule in the two—formant condition than in either of the other two conditions.

The copsonant identicty rule was wsed much less widely by subjeccs. In Fact,
enly in the gyllable condition did its usage reliably exceed that expected by
chance.

Discussion

There are soveral points to bz made about the results of this experiment
which required subjects to sort the stimuli inte two categories. First, there is
zome evidence that the restriction to sort the stimuli into two categoeries increased
the likelihood that subjects would form perceptual categories based on the identity
of the initial consonants. HMore importantly, one of the four subjects who employed
the econsonant identity rule did so with the full-formant chirp stimuli. This
result alone suggests that there is usable information concerning the identity of
the ipitial consonant present in the full-formant chirps. By contrast, there was

no evidepce that any of the subjects in the two-formant chirp condition utilized

the consonant identity rule.
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Despite the fact that some subiects grouped the stimuli on the basis of

consonant ideaclty, the majority of subjects appeared to follow a different sortc-

ing rule—-based on vowel similarity. This grouping scheme which was manifest in

the behavior of a few subjects in Experiment T was the only rule employed by
gubjects in the two-formant chirp condition. Moreover, half of the subjfects in
the syllable condition alsc appeared to follow this strategy.

What upnderlics this sorcing by vowel-gimilarity in the chirp conditions
when only the formant transitions of the syllables were present? One clue to
the basis for these groupings comes from previous investigations in which
similaricy judgments have been collected for brief, rapidly changing acoustic
segments., Brady, House, and Stevens (1961} required subjocts to match the
frequency of a steady tone to that of a short stimelus which underwent a rapid
shift in frequency. They observed that there was a strong tendency for subjects
to choose a freguency value which nearly matched the of fzet value of the rapidly
changing stimuli. Simflarly, in an experiment involving formant transiction patterns
not unlike the two-formant chirps in the present study, Shattuck and Klace (1976)
found that subjects favored matches between stimuli which shared offset values in
the region of .the second formant. Consequently, the tesults of these two studies
suggest that the most likely grouping strategy for subjects In the present study
would be to put rogecher those stimull most similar in their offser values., A
clagsification according to wowel similarity would be expected in the present
experiment Lf the categories were based upon the offset values of the formants,
especially those of the second formant.

By manipulating the inscruction aec the present experiment succeeded in getting

at lpast one subject in the full-formant chirp condition to detect a coomonality among

stimuli which share the same ipitial zonsonant. 5till, the detectfon of this

commenality was apparently overshadowed by a more powerful ard salient property
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wvhich linked the stimuli in terms of similar offser frequency values., Horeover,

even subjects who were asked to classify full syllables often followed a classifica-
tion rule {vowel similaricy which linked the stimuli in terms of their of fsat
frequency values. In this second experiment, then, classifications of the sylla=-

bles and the chirps do correspond well. However, the correspondence doss not appear

to be based on fnvariant consonant information.
Experiment I1I

The previous experiment suggestz that there may be imvariant cues for the
identicy of initdal consonants available to the perceiver in the full-formant chirps.
Yet, the use of these cues was not wvidespresd even among subjects who classified
syllables, The chief factor here scems to be the greater salience of the offset
values of the formants as a stamdard for classifying the stimuli into matural
categories. One posaible way of countering the predominance of the cffset value
cue would be to direct subjects to sort the stimwli according to their "inicial
sounds.” In this way, sublects might be maore apt to enploy information concerning
the identity of the initial consonants In their groupings to the extent that that
information is available in the syllables and chirpa.
Seimall

The stimulus materials were identical in all respects to those used in the
previous two experiments.
Subfects

The subjeccs were fifreen undergraduates at Dalhousie University who received

course credit for participating in the experimentc. All subjects were nacive speakers

of English and reported no history of eicher speech or hearing disorder.
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Procedure

The procedure was virtwally identical to that of Experiment IT with the

exception that subjects were instructed te sort the stimuli inco two groups

o the basis of their imitial sounds,

Results
Only che data from the second B0-item test block were analyzed. Again,
consistency scores were computed for each subject usilng the Reld measure, An
ANOVA of a 3 (condicfon) X B (stimuli) mixed design was used to analyze the

congistency data, MHeither of the main effects (condition: ?{2 12) = 2.08;
|

Scimulus: F{? 8h) = 1,59) was reliahle, nor was the interaction between these
]

factors (F(lﬁ,lﬂ} < 1.00}. The average consiscency score acress all conditions
was .32.

An examination of the classificatlons imposed by Indlvidual subjecrs was
conducted using the cricerion of BOX correct sorts by a parcicular rule, as in
Expariment I1. In the syllable condition, all five subjects grouped the stimuli
by the congsonant ldentity rule. In the full-formant condition, one subject grouped
the seimuli by consonant {dentity, two by vowel similaricy, and two by a
grouping which pitted the [bi] and [di] stimuli against all others. Thus, although
there was further confirmation that the full-formant chirps could be parcitioned
according to congonant ldenticty, the change in instruction set did not appear to
greatly lessen the tendency of most subjects te group according to the offset
values of the stimeli. Finally, in the two—formant condition four of the five
subjects prouped according to the vowel similaricy rulu.5 Once again, no subject
in this condition gave evidence of using the consonant idencity rule.

Figure 5 displays the mean proportion of trials correctly sorted by the wowel

and consonant tules in each condition, The most notable chanmge between the patcerns
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displayed here and those of the previous experiment occurs im the syllable condi-

tiom, Ugage of the vowel similaricy rule dropped to chance level, whereas usage

Insert Figure 5 about here

of the consopant ideatity rule increased to the point where 99% of the sorts

accorded with this rule. Yet, alchough the instructions set ohviously altered che

predominant mpde of classifying in the syllable comdition, it did not appear to
affect either of the two chirp conditions. In both of these conditions sorting
according to a vowel-similarity rule was reliably better than chance {p < .05 or
becter by a t-test), whereas sorting by the consonant-identity rule was not.

Fur&hur tests of the degree Lo which each sorting rule was used by subjecks
in each condition were conducted using one-way ANOVAs. ¥For the consonant idemcity
rule there was a reliable main effect of Conditionm {F(Z,lzj = 45,06, p ¢ ,O0L)
which Mewman-Keuls tests indicated could be traced to decreased usage of the rtule
from syllables te full-formant chirps to two-formant chirps. A similar apalysis
conducted on the vowel-gimilarity rule alsc found a maip effect of Condition
(F(2.121 = 3,52) attributahle solely to the infrequent usage of this rule in the
syllable condition.

Discussion

The change in instruection sct appears to have had ics greatest impact on the
performance of subjects in the syllsble conditfom. All five subjects in this
condition formed classes consistent with a division by initfal consonant sound.
By coptrast, there was no ohaervable change in the sorting patterns chosen by
subjects in either of the twe chirp copditlons, Once again, similaricies in the

offset values of the stimuli were the dominant factor in the organizacion of stimu—

lus groups, alrhough as in che previous exporiment, one subject in the full-formant
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condition did follow a consonant identity patterm. Thus, the change in inmstruetion

set was not sufficient to increase the use of the consonant identity strategy in
eicher of the chirp conditions.

To this point, then, there iz little evidence that information is available
in full-formant chirps that allows subjects to sort these stimuli inco groups
corresponding to the identity of initial consonants and no indication that any such
information is available in the two-formant chirps.

Experimenc IV

Although there i{s not a strong tendency for subjects to spontaneously group
the chirps according to consomant identity, they stlll might be able to abstract
the consonant information from these stimeli if required to do so. Ona way of
requiring subjects to use information about consonant identity is to employ a
perceptual learning task in which subjlects are imstructed te cateporize =ounds
according to this specific rule. Grunke and Pisonl (1979) have shown that such
a task may provide a more sensitive measure of the perceptual relatedness of
avditory pacterns thon a similarity judgment task., To the extent that there 1is
information available to the perceiver for a partitioning of the stimuli along the
lines of consonant identity, then subjects should be able to learn to sort by this
rula, Hore Imporcantly, if the information in the chirps concerning comsonant
idencity has any psychologically real status for the perceiver, it should be easier
to learn to soxt by this rule than by one vwhich imposes an arbicrary organization
on the stimuli.

The present experiment was undertaken in order to determine the degree to
which subiccts might be able toe learn to classify the chirps according to &8 consonant

idencity rule. There were two components to this experimenc. The first of these
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was a learning task in which each subject was required to classify a given set of
sounds according to three different rules: consonant-identity, vowel-similarity,
and arbitrary.6 The second phase of the present experiment was a speeded classifi-

cation task in which subjects had to assign the stimuli to groups according to one

of the three rules as rapidly as possible. Differences in the speed with which

subjects were able to apply either the consonant-identity or the vowel-similarity
rules relative to the arbitrary rule would provide a further index of the psychologi-

cal status.of these rules.

Methods

Stimuli

The stimuli themselves were identical to those used in the previous experiments.

However, new types of demonstration and training tapes were employed, The demonstra-—

tion tapes were constructed so as to correspond to one of the three rules., For
example, the demonstration tape for the consonant-identity grouping of the syllables
consisted of all the members of one category (e.g., [bi], [be ], [bo], [ba]
presented consecutively at one-second intervals, After a short pause, the members
of the other category were presented in the same manner. Following another pause,
the catcgory one items recurred but in a differeant order, followed again by the

category two items also in a differeat order. Demonstration tapes for each stimulus
type (syllable, full-formant chirp, two-formaat chirp) by grouping rule (consonant-
identity, vowel-similarity, arbitrary) combination were prepared in a similar
fashion,

The traiaing tapes emploved in this experiment consisted of randomized sequences

of the eight stimuli in a given stimulus condition. There were a total of three

occurrcnces of each syllable for a total of 24 trials per tape spaced at 4-second

301



24
intervals. Three separate training tapes with different random orders were
prepared for each stimulus condition.

Subijects

The subjects were eighteen undergraduates at Dalhousie University who recéived
course credit for their participation in the experiment. All were native speakers
of English and reported no history of either speech or hearing disorders.
Procedure

Each subject was assigned randomly to one of the three stimulus conditions
(i.e., full~CV syllables, full-formant chirps, or two-~formant chirps). Within a
given stimulus conditlion, subjects were trained to sort the stimuli according to
each of three softing rules. These rules are diplayed in Table 2. Thus, the
consonant identity rule required subjects to group together stimuli which shared

the same initial consonant (i.e. [b] vs. [d]}). The vowel similarity rule required
subjects to group stimuli from syllables containing the [i] and [¢] vowels into
one category and the [o] and [d"] vowels iato another. Finally, the arbitrary
rule grouped together stimuli which shared neither a concistent consonant identity

nor vowel similarity. Training took place separately for each rule and proceeded

in the following manner. A subject was informed that he or she would be hearing

Tnsert Table 2 ahout here

eight different sounds and that four of these were to be assigned to category 1

and four to category 2. The experimenter then played the four stimuli corresponding
to category 1, stopped the recorder, énd informed the subject that the next four
items were members of category 2. After the category 2 members had been presented,

the tape was stopped again, at which point the experimenter repeated the instructions
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and demonstrated the categories for the subject a second time, The subject was
then informed thac he or she would receive a set of training trials during which
each stimull was to be assigned to either category 1l or 2, and that feedback as to
the correctness of a response would be provided on each trial. The assigmment of
a given stimulus to a particular category was to be made by pressing buttons
labeled 1 and 2 located on a box situated next to the subject's right hand, The
subject was instructed to place the vight index finger on one button and the right
middle finger on the other. For a given subject, the locationof the category 1
and category 2 buttons remained constant throughout the experiment. However, the
ordering of the buttons was counterbalanced across subjects.

A subject was assumed [0 have successfully learned a given rule if he or she
answered correctly on 20 of the 24 training trials in a block. 1If at the end of
the first block of training trials the subjecr had not met the learning eriterion,
the demonstration tapes were played once again for the subject and a second block
of training trials was run. Testing continued in this manner until either a
subject successfully learned the rule or a total of four training bloeks were
completed without the subject having learned the rule.7 In the latter circumstance,
testing ou the rule vas terminated and the subject began training on any other
rule which remained to be learned.

If a subject had successfolly learned a particular rule, then he or she was
immediately tested on the corresponding speeded classification task prier to
learning another classification rule. The instructions for the speeded classifica-
tion task were essentlially the same ag for the learning task with the exception that
subjects vere told to respond as rapidly as possible without making errors and

that no feedback would be provided regarding the correctness of responses. An

80-item test hlock (10 ocecurrences of each of the eight stimuli) consisting of
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random arrangement of the stimuli spaced at four-second intervals was then
presented to the subject. On each trial, a digital timer was activated by the
first voicing pulse from the stimulus. The timer was halted as soon as the
subject pressed one of the two response keys or if‘the subject failed to respond
within three seconds (at which point a reaction time of 3000 msec was recorded).

On each trial, the experimenter recorded both the subject’s response and the reac-
tion time. Two small lights indicated to the experimenter which response key had
been pressed on a given trial. Both the response lights and timer, though visible
to the experimenter, were out of view for the subject. Upon completion of the 80th
trial, a five-minute break period ensued, after which training began on a new
classification rule., Training and testing proceeded as before until a subject had
completed training on all three rules. The order of learning the three rules
was counterbalanced within each stimulus condition. The entire experimental session
took approximately one hour to complete.
Results

The learning data were examined in two ways. First, the number of subjects
who successfully completed trainiag on a given rule in a particular condition
was calculated. Whereas in the syllable condition, all six subjects passed the
training phase for each rule, the situation was considerably different for the two-
chirp conditions. In the full-formant condition, all subjects passed the training
phase for both the vowel-similarity and consonant-identity rules, but only one
subject successfully completed training with the arbitrary rule. In the two-
formant condition, all subjects successfully mastered the vowel similarity rule,
but not a single subject passed the training criterion with either the consonant-

identity or arbitrary rules. These results are quite informative because they
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An indication of the ease with which a given rule was learned across the
three stimulus conditions was obtained from additional post hoc tests on the
error data. With the consonant-identity rule there were no reliable differences
between the syllab;e and full~formant conditions, though both were obviously
superior to the two-formant condition. With the vowel-similarity rule, there
were no reliable differences between any of the conditions. Finally, with the
arbitrary rule, there were consideraBly fewer errors in the syllable condition than
in either of the other two.

The speeded classification data, displayed in Table 3, exhibit much the same
pattern as the learning data. The reaction time data reinforce the conclusion
that there is psychologically usable information regarding consonant identity
available in both the sy;lables and full-formant chirps. A one-way ANOVA conducted

on the syllable condition indicated a reliable main effect (F(2,12) = 9.82, p<.0l1)
traceable to the fact that reaction times were significantly slower with the
arbitrary rule. The pattern of no reliable differences in reaction time for the
consonant-ildentity and vowel-similarity rules present in the syllable condition,
also held for the full-formant condition (t < 1.00). Finally, a comparison of

(5)

the reaction time data across stimulus conditions was not conducted because the

different lengths of the syllables and chirps:rendered such a comparison uninter-

pretable.

Insert Table 3 about here

Discussion
The present results provide very clear evidence that the full-formant chirps

contain sufficient information, in a form accessible to the perceiver, to allow
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them to be grouped according to consonant—identity. That this information has a
psychologically real status for the perceiver is shown by the fact that a grouping
by consonant-identity was much more readily learned than one by an arbitrary
classification of the stimuli. This performance difference between the consonant-
identity and arbitrary rules is crucial since it-serves to establish that che use
of the consonant ldeutity rule involved more than mere rote memorization of the
stimulus sets. At the same time, there is every indication that thé two-formant
chirps do not contain sufficient acoustic Information to allew for sorting, on the
basis of consonant-identity.

But the information specifying conscnant-identity 1is not the only psychological-
1y usable informatlon in the stimull for the percelver as the results for the
vowel-similar ity rule demonstrate. Across all stimulus conditions, subjects'
mastery of this rule was clearly superior to the arbicréry one, Vot only was this
rule easier for subjects to learn, but in the one condition in which subjects did
learn the arbitrary rule (i.e., syllable condition), speeded sorting was reliably
faster with the vowel-gimilarity rule than with the arbitrary rule. Thus, the
present resuits confilrm the observationmade on the basis of the earlier experiments
that there is information in the stimuli which leads to a psaycholopgically real divi-
sion aloog the lines of vowel similaricy. .

There 1s one additional point cthat needs tc be made about the present experiment.
The perceptual learning task proved to be a more sensitive measure of vhether or
not subjects could access Informatlon which would allow them to sort by a consonant-
identity rule. Tt seems likely that a task of this type is apt Eo be mogt useful
in those situations in which there is potentiall} a very powerful perceptual

classification scheme which may overwhelm alternative ways ot organizing the

grimulus set. Tn such circumstances, a perceptual learning task, wherein performance
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under a given classification scheme is compared to that under an arbitrary scheme,

may prove to be the most appropriate means of establishing the psychological status

cf the classificacion scheme and the stimulus dimensions.

General Discussion

The main cbjective of the present investigation was to determine whether
brief portions of the speech siénal present at the onset of CV syllables contain
some invariant information which listeners can use to categorize uttervances of
the same consonant occurring in different vowel contexts. The results,
especially those of Experlment 1V, demonstrate convincingly that such information
is avallable to the listener in the onsets cof brief segments of speech containing
five forwmants., Hence, the present investigation nicely complements those which
have employed new analyses of the acoustic signal (e.g., Kewley-Port, 1980; Searle
et al., 1979; Stevens & Blumstein, 1978), in that it shows that there is invariant
information present in the psychological stimulus as well as the physical stimulus,
Althouéh the present results and those of Blumstein and Stevens (198Q) imoly
that there 1s 1nfermation present in the first 30 msec of the syllables that allows
them to be grouped according to initial consonant, they do not indicate the
physical basis on which subjects so categorize the sounds. As soch, the present
results cannot be used teo distinguish which, if any, of the alternacive descriptions
of invariant properties in the physical signal best corresponds to the one used
by the perceiver. Thus, accounts which derive physical invariants Erom computations
over running spectra {(e.g., Kewley-Port, Note 2; Searle et al., 197%) are just
as conslstent with the present results as those based on averaged onset spectra

{e.g., Stevens & Blumstein, 1978; in press) provided that they locate the source

of the invariance within the f£irst 30 msec of the signal.
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Yer, despite the fact that there ig information available in the full-CV
syllables and full-formant chirpd that allows them to be grouped by consonant-Identicy,
it is clear that such a grouping 1s not the one mosrt preferred by subjecrcs, Through-
out this series of experiments, and with all stimulus sets, subjects appeared Lo
favor classificatlions which grouped together stimull having similar offset values.
This grouping was designated "vowel~gimilaricy” since it divided the stimuli in
a way which corresponded to a front-back vowel distinction.

As noted earlier, the finding that subjects grouped the stimuli ia terms of

offsar values was not without precedent in the literature. The work of Brady et al.,

{1961) and Shattuck and Klatc (1976) indicated that subjects tend to match brief,

rapldly changing acoustic patterns 1in terms of their offser values., WNor is this

tendency limited solely to brief patrerns as Grunke and Pisoni (1979) discovered.
Using patterns of similar duraclon to those in the present study, Grunke and Pisoni.
found that subjects most readily learmed to match patterns having similar offset
values. Moreover, they also discovered that' adopting a procedure in which the
differences in the offser values of the stimulil were reduced, enabled subjects to
match rather dissimilar rise-fall patrterns as readily as mirror-image acoustilce

patterns. dence, it 1s clear thacr offsec Ereduency Informatrion 1s particularly

salient for the listener. 1In this regard, it {s worth noting that in thelr answers
on the questionnalre, subjects whose gfoupings followed the vowel—similgritf pattern
reported thar pirch was the predominant factor in selecting thelr groups. Many
described their classificariouns as "high pitch” versus "low pitch.” 1In light of
these descriptions and the previous work with ocher acoustic patterns, it may be
more appropriate to describe these classes as following a pitch-similaricy rule,
especially since the vowel-similarity rule appears to be a speclal subsetr of the

former.
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Finally, the present results ralse sariovs doubts abeuk vhether two-Earmant

ehirpa Lecking firee Cormant cuwd are sultakle for ude @A Aonspeech conttaols In
spemch parceptlon waperisents. 1In the pase, chirps lacking firvst formanc informa-
cion have often bean aeed &8 control atleull becaiae ff wae claimad chat chey
prasant the Listener «lth the seee ceelblcal Infovnacion (l.e., scoustle cues)
contalnad in syllables, but in & ponapesch content (e.g., Hattingly et al., 1971},
Firac formant isformacion wen reutinely deleted fron such ehicps to moke them less
spaech=11ka, The justification offered for chis procedurs was chat the First
formant tnfirmatlon did net belp to distingulak tha speseh contrasis vnder
irvoscigagion-—a.g., (8] amd [d], Wowever, this argusent halde only under the
assunpeion that the Informatlom content of sach [ormant 08 independent of the
ather [ocmants. ! one assames Inetesd chat 1t da cha relacionship which axists
bacween the forments which La eritleal Fof parcaptlon, tham tha (irst fernant
informacion connot be considersd to be redondant. Tho prossce resulos sepport the
faccer view becnuse iLhey show Chat vheress tha two forsant chires do noi coemtain
the Informetion necessary to parnit & grousina sccordinn to consonant-identity,
such & grouplng 48 sasily schisved with pacterns that do prasecve (it (ormant
informst fon==wiz,, che full=-lormant chivps. & szimilar view regarding tha isportamca
af first [arwant Informados far che percestiom of brisl ssditory patterns has bemn
empressed by Fisond (Hote 3). Bd cbearved thac the inc lusion of firet (orsasc
informacion im chitp patterns resulted In sharp discontinultles n dlscrisinition
fupetlions im the vicinity of phonstic bovndariss. Buch dLlicentinuitliss sre aof
typically presesr for patterms lechimg first formemi Inforsstion (e.g., Mscoisgly
et al., 1571}, Beace, it seews clear that acoustic enef@y v e ragilon of che

firsr formant playas & €ritical mle in the paftcuplion of the ovarall dcmsstle

paATTECA.
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In summary, by employing two new methodologies--free classificarion and
perceptval learning-—the present study was able to demonstrate that there is
invariant acoustic information available inthe onsets of syllables which allows
the listener to pevceive the same cousonant in different vowel contexts. Such

findings suggest that previous studies have underestimaced the degree of

invariance present in the perceptual structure of speech stimuli.
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Footnotes

These findings were challenged some years later by Cole and Scott (1974)
who argued that the burst information produced at the release of stop consonant
occlusion serves as an Iinvariant acoustic cue for the recognition of stop consonants
in different vowel contexts. Subsequently, a more systematic investigation using
a wider variety of vowel contexts and more precise controls of stimulus parameters
indicated that the burst information by itself was not a sufficient cue for
recognizing stops in all contexts (Dorman, Studdert—-Kennedy, & Raphael, 1977).
Rather, bursts and formant transitions appear to be functionally equivalent,
context-dependent cues which are reciprocally related such that where the perceptual
weight of one increases, thé weight of the other declines.

While initial burst information is typically included in the onset spectra
of stop consonants, Blumstein and Stevens (1980) have noted that the onset spectra
for stops generated without bursts do not differ appreciably. The main effect
of including the burst is to enhance the global property which cues a particular
place of articulation. As a check on the results of the present investigation,
we have conducted a further series of experiments using stimulil containing burst
informaction. The results of that study which will be reported in a forthcoming
paper (English, Jusczyk, & Smith) are substantially the same as those reported

here.

We would like to thank Diane Kewley-Port for deriving the onset spectra for
4
It is difficult to know just what to attribute the difference in consistency

scores to. While one possibility is that the [be] and [d#] stimuli may have been

more ambiguous than the [bi] stimuli, this pattern did not recur in either
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Experiment 1 or Experiment II1T. Thus, it seems preferable to treat it as just an

anomaly in the data.

There is some indication that this subject became confused and reversed the
numbers he assigned to each category midway through the test series, In face,
if the category assignments are simply reversed at a point midway through the

series, the data follow a vowel similarity pattern. It is also worth noting
that this subject did sort the stimull according to a vowel similarity rule

during the first 80-item test block.

The vowel similarity rule was chosen since many subjects seemed to regard
it as the most natural way of grouping the stimuli., Thas, it provided a convenient

upper bound for measuring the case with which the consonant-identity rule was

learned.

Note that since only three training tapes had been prepared for each stimulus
condition, any subject who required four training blocks heard ome of the training

tapes twice. The choice of which tape was to be repeated was counterbalanced across

subjects.

8The notion that vowels might be classified with respect to pitch is a very
old one in psychology traceable back at least to Kempelen (1791} and also

investigated by such as Donders (1857), Helmholtz (1930}, Koenig (1870), and

Kohler (1910},

317



Eafervogs Foces

1. EKaulay-Porc, BD. ELTEXC: Executive progran co implement the KLATT

sofcvdra syntheskzer. Resantch on Spgech Perception, 1978, Progress Neport &,
Tndiana University.

1. Eevlay-Porz, D. SPECTRUM: A progrem for snaly®ing the speoival properties
of spesch, Ressarch on Seeech Percepiion, 1979, Progress Report Mo, ). Imidama
Uuiversity.

. Pusomi, Do 3. Tisevininacies of brisl frequeccy glizsandes. Nssssrch
g Spaagh Fercepeion, 1976, Froagress Mepori Mo, 3, Indiana Universicy,

3l8



References

Attneave, F. Applicatlons of Information Theory to Psychology. HNew York:

Holt, Rinehart & Winston, 1959.
Blumstein, S$. E. & Stevens, K. N. Acoustic invariance in speech preoductien:

Evidence from measurements of the spectral characteristics of stop

consonante. - Journal of the Acoustical Society of America, 1979, 66, 1001-

1017.

Blumsteln, S. E. & Stevens, K. ¥, Perceprtwal invariance and onset spectra for

stop consonants in different vowel enviromments. Journal of the Acoustical

Society of America, 1980, 67, 64B-662,

Boring, E. G. The Physical Dimensions of Consciousness. HNew York:

Century, 1933,

Boring, . &. Auditory theory with special reference to intensity, volume, and

localization, American Journal of Pgychology, 1926, 37, 157-188,

Brady, P. T., House, A. S., & Stevens, K. N. Perception of sounds characterized

by rapldly changing rescnant frequency. Journal of the Acoustical Society

of smerica, 1961, 33, 1357-1362.
Cole, R. A. & Scott, B, The phantom in the phoneme: Invariant cues for stop

consonants., Perception & Psychophysics, 1974, 15, 18i-107.

Donders, F. C. Ueber die Natur der Vocale. Beltrage Zur Nature - und - Heilkundes,

1857, 1, 157-1s2.
Docman, M., Studderr-Kennedy, M., & Raphael, L. J. Stop consonant recognition:

Release bursts and formant transiticns as functionally equivalent context-

dependent cues, Perception & Psycheophysics, 1977, 22, 109-122,

£imas, P, D. Auditory and phonetic coding of the cues for speech: Discrimination

of the fr-1} distinction by youny infants. Perception & Psychophysics, 1975,

18, 341-347.

319



Fant, G. Acoustic Theory of Speech Production. The Hague: Mouton, 1960,

Garner, W. R. Uncertainty and Structure as Psychological Concepts. HNew York:

Wiley, 1962.

Glbson, J. J. The Senses Consgidered ag Perceprual Systems. Boston: Houghton

MifElin, 1966.

Harris, K. 5. Cues for the discrimination of American English fricatives in

spoken syllables. Language and Speech, 1958, 1(1}, 1-7.

Grunke, M. E., & Pisoni, D. B. Some experiments on perceptual learning of
mirxnr~image acoustic patterns. Paper presented at the Ninth Internaticnal
Congress of Phonetic Sciences, Copenhagen, 1979,

tlelmholerz, fl. Sensations of tone. Translated by A. J. Ellis 5th (ed.) Mew York:
Longmans, Green, 1930.

Kempelen, Y. Le mécanlsme de la parcle suivi de la description d'une machine

parlante, Vienne: Imprimé chez B. Baurr et ge trouvé chez J. V. Degen, 1791.
Xewley-Porc, D. Representations of spectral change as cues to place of articulation
in stop consonmants. Unpublished Ph.D., dissertation. City University of New

York, 1930,

Klatt, D. U. Software for a cascadef/parallel formant synthesizer. Journal of the

Acoustical. Sociecy of America, 1980, &7, 971-995.

Koenig, R. Sur les notes fixes caractéristiques des diverse vayelles. Comptes

Rendus Hebdomadaires des Séances der 1’académie des sciences Paris, 1870, 70

931-933,

Kohler, W, Akustiche Untevsuchungen Il. Zertschrife sir psychologie, 1910, 58,

39-140.

Liberman, A. M., Cooper, F. §,, Shankweiler, D, D., & Studderc-Kennedy, M. Perception

of the speech code. Psychological Review, 1967, 74, 431-461.

320



Liberman, A. 1f{., DelLattre, P, D., & Cooper, F, 5. The role of selecred stimulus

variables in the perception of the uavoiced stop congonants, American Journal

of Psycholopy, 1952, 65, 497-516.

tlattingly, T, G., Liberman, A, M., Syrdal, A. K., & Halwes, T. Discrimination in

speech and nonspeech modes, Copnitive Psychology, 1971, 2, 131-157.

Miyawakl, K., Strange, W., Verbrugge, R., Liberman, A. M., Jenkins, J. J., &
Pujimura, 0. An effect of linguiscic experience: The discrimination of f{r]

and [1] by native speakers of Japanese and English. Perception & Psychophysics,

1975, 18, 331-340,

Morse, P. A, The discriminacion of speech and nonspeech scimuli in early infancy.

Journal of Experimental Child Psychology, 1972, 14, 477-492.

Searle, C, L., Jacobson, J. Z., & Rayment, S. G. Phoneme recognition based on human

audition. Journal of che Acoustical Soclety of America, 1979, 65, 799-809.

Schatz, C. . The role of context in the perception of stops. Language, 1954, 30,
47-56.

Shattuck, 5. R., & Klatr, D. H. The perceptual gimilarity of mirror-image acoustic

patterns in speech. Perception & Pgychophysics, 1976, 20, 470-474,

Smith,'L. B., & Kemler, D. G. Levels of experienced dimensionality in childrern

and adulrts. Cognicive Psychology, 1978, 10, 502-532,

Stevens, XK. H., & Blumstein, $. E. Invarianct cues for place of articulation in

stop consonants. Journal of the Acoustical Sociecy of America, 1978, 64,

1358-1368.

Stevens, K. N., & Blumstein, S. %, The search for invariant acoustic correlates
of phonetic features, 1In P, D, Eimas & J. L. Miller (Eds.), Perspectives on

the Study of Speech. Hillsdale, #.J.: Lawrence Erlbaum Associates, (in press).

321



322



IT. SHORT REPORTS AND WORK-IN-PROGRESS

323



324



[RESEARCH ON SPEECH PERCEPTION Progress Report No. 6 {1979-80) Indiana University]

SPEECH PERCEPTION WITHOUT TRADITIONAL SPEECH CUES
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Abstract. A complex sinusoidal replica of a naturally produced utterance was
Judged by adults to be intelligible despite the unnatural speech quality of the
signal. The dynamic properties of these highly artificial acoustic signals are
apparently sufficient to support phonetic perception in the absence of

traditional acoustic cues for phonetic segments.
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A person listening to a continuously chenging natural speech slgnal percelves
8 sequence of linguistic elements. Research has attempted to charscterize thia
perceptual process by analyzing the acoustie properties of speech signals that
specify its linguistiec content (1). In the present astudy, however, listeners
perceived linguistic algnificance inm acoustic patterns with properties differing
quite substantially from those traditionally held to underlie speesch perception.
And, =although listeners accurately reported the 1linguistic ocontent of these
acoustic patterns, the results suggest that the signal was also percelived,
simultaneously, to be nonspeech, These novel [indings imply that the process of
speech perception makesa use of acoustic properties that are more abstract than
the spectral templates and aspeech cues typieally atudied in apeech research.

The stimuli wvsed in owur study consilsted of time-vaerying sinusocidal patterns
that followed the changing forment center=regquencles, or the natural reaonances
of the supralaryngeal wocal trect, of & naturally produced utterance. The
sentence, "Where were you a year ago?" waa spoken by an adult male talker,
digitized at the rate of 10kHz, and analyzed in ssmpled data format, Frequency
and amplitude values were derived every 15 msec. for the center fregquencles of
the first three formants by the method of linesr prediction (2). These values
were hand-smoothed and uvsed a3 aynthesls parmetérs for & digltal slnewave
syntheaizer. Three time-varying sinusoida were then generated to match the center
frequencieas and amplitudes of the [irat three [formants, reapectively, of the
natural speech utterance. Figure 1 shows narrow- and wideband spectrograms of the
original spoken utterance and & narrowband spectrogrem of 1ts replica formed by

the three time-varying sinusolds,

Figure 1 about here
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Although our synthetic stimull were deaigned to preserve the frequency and
amplitude variation of natural apeech formants, the three-tone patterna differ
from natural speech in several prominent ways. First, the energy spectra of the
tonea differ greatly from those of natural and aynthetle apesch. Voloed apeech
sounds, produced by pulsed laryngeal excitation of the supralaryngeal cavities,
exhibit a characteristic spectrum of harmonically related values (3), Because the
frequencies of the individual tones in our 3timull follow the formant center
frequencies, the components of the spectrum st any moment are not neceasarily
related as harmonics of a common fundamentaml. In essence, the three-tone pattern
does not consizt of harmonic spectra, although natural speech doss.

Second, the short-time speotra of the tone stimull lack the broadband formant
atructure that is alsc characteristic of speech. Because the resonant properties
of the supralaryngeal vocal tract introduce short-time amplitude maxima and
sinims across the harmonic spectrum of sound generated at the larynx, some
frequency regiona contain harmonics with more energy than nelghboring regiona
(8) . Because our Ltone stimull consist of no more than three sinuscids, there is
no energy present in the spectrum except st the particular frequencies of each
tone. Thua, the short-time spectra of the tone stimull are also diatinet In this
way from the energy spectra ol natural aspeech. There ia literally no formant
structure to the three-tone complexes, though the tonea do exhibit scouatic
energy ot frequencies ldentical to the eenter frequencisa of the formanta of the
original , natural utterance,

Third, the dynamic spectral propertiea of speech and tone stimuli are guite
different. Across phonetic aegmenta the relative esnergy of each of the harmonica
of the speech spectrum changes. Formant center-frequencies may be ocomputed by
Tollowing the changes 1in amplitude maxima of the harmonic apectrum. However,
natural speech signals do not exhibit continucus formant frequency variation.

Rather, laryngeal asctivity in voliced speech creates distinet pulses characterized
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by & formant structure., Thus, changes in formant atructure, particularly when
obaerved in wideband spectrogramsa, may erroneously appear to contaln continuous
formant variation over time. Figure 1b displays & wideband spectrogram, in which
the finegrained amplitude differences are averaged over frequency to derive the
formant pattern. In contrast to the case in aspeech, each tone in our atimull
continuously follows the computed peak of a changing resonance of the natural
utterance. Overall, our three=tone pattern deliberately mirrors the abatract
spectral changes of the naturally produced utterance, though in local detail it
is unlike natural speech signals.

In the absence of fundamental perlod and forsant atructure, the complex tone
slignal therefore consista of none of those distinctive acoustic attributes that
are assumed traditionally to underlie speech perception (5). HNonme of the
appropriate scoustiec cuea based on the scoustle svents within apeech algnala ia
present in our stimuli, e.g., nelther [ormant f{requency transitions, whilch oue
manner and place of articulation; nor formant target fregquencies and steadystate
durations, which cue vowel color and consonant volelng: nor fundamental [requency
changes, which cue voleing and stress (6). Similarly, the short-time spectral
cuea, which depend on preclise ampllitude and [requency characteristica acroasa the
harmonic spectrum, are absent from these tonal stimuli, e.g., the onset aspectra
that are often claimed to underlle perception of place features (7). The absence
of traditiomal acouatic cueas to phonetic identity suggests that our sinusoidal
replica of the sentence should be perceived to be three independently changing
tones. Bowever, if liatenera are able to perceilve the tonea as sapeech, then we
may oconclude that traditional speech cuea are themselves approximations of
second-order algnal properties to which listeners attend when Gthey percelve
apeech.

Our perceptual test consiated of three conditions inm which independent groups

of listeners were informed to different degrees about the tonal stimuli that they

320



would hear. Within easch instructional condition, different groupa of eighteen
listeners each were assigned to seven stimulus conditions: the three tonea
presented together (S1:T1.T2+4T1); three pairwise tone combinations (S52:T1.4T2;
$3:T2+T3; S4:T14T3); and each tone played separately (35:T1; S6:T2; ST:T3). The
three inatructional conditions crossed with the seven stimulus conditions made
twenty-one experimental conditions in all. In each condition a given ainusoidal
pattern was preasnted four timeas in succession, at BS dB SPL, by sudictape
playback over matched and calibrated headasta.

In Instructional Condition A, listeners were asked simply to report their
spontaneous impressions of the stimuli, having been told nothing in advance of
the nature of the sounda., Multiple responses were permitted. The sccumulsated
responses, organized by stimulus condition, are displayed in Table 1. Modal
responaes in esch stisulus condition Indicate that the majority of listeners did
not hear the ainuscids as speech, though a small number of responses in ssveral
conditiona favored human- or artificlal-apsech interpretaticona. Two listeners in
the three-tone condition, however, responded that they heard the sentence, "Where
wEre you a year ago?" This outcome might be anticipated only 1T there were
stimulus support of some kind for perceiving the linguiatie content of these
patterns. Even a3 a responss to a direct request to generate a 3sentence iIn

Englizsh, the probability of producing this exact sentence i3 excesdingly small
(83 .

Table 1 sbout here

In Inatructional Condition B, listenera were informed that they would hear a
sentence produced by & computer, and were saked to transcribs the asynthetle
utterance na faithfully a3 posaible., We scored the responaes in each conditiom

for correct number of syllables transcribed relative to the original utterance,
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"Where were you a year ago?" Average transcription performance in each stimulus
condition is presented in Figure 2a. It is clgar that a large number of subjects
can identify the sentence in Conditions S1 and S2. Nine of the listeners across
these two conditions transcribed the entire sentence correctly, though ten others
reported that they could hear no sentence at all in the tones. The remaining
listeners transcribed various syllables correctly. We conclude from'these first
two instructional conditions that naive listeners may not automatically perceive'
sinusoidal replicas of natural speech as linguistic entities., When 1nstructed to
do so, however, they perform well presumably because the linguistic information,
though not carried by acoustic elements producible by a vocal tract, is preserved

in the dynamic structure of the stimulus pattern (2)

Figure 2 about here

In Instructional Condition C, listeners were asked directly to evaluate the
speech quality of the stimuli. They were told that they would be présented with
the sentence, "Where were you a year ago?" and they were asked to make three
Jjudgments. First, they reported whether the sentence was discernible in the tonal
pattern by responding Yes or No; they also provided a confidence rating for their
judgments using a dual five-point scale, as well. These responses were converted
to a ten-point scale (1=confident Yes; 10=confident No) and are présented in
Figure 2b grouped by stimulus condition. In five of the stimulus conditions;
listeners were very confident that they did not hear the sentence in the tones.
However, 1in Conditions S1 and S2, l1listeners were very confident that they
recognized the intended sentence; the average confidence ratings in these two -

conditions did not differ significantly despite the absence of Tone 3 1in

Condition S2.
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In the second task, 1listeners rated the number of words that could be
identified in the particular pattern presented (1=zall, 2zmost, 3=za few, U=zalmost
none, 5=none). As shown in Figure 2¢c, for five of the stiﬁulus'conditions
subjects indicated that they could not identify any of the words in the sentence.
But, in the three-tone condition (S1), listeners reported that almost every word
was clear. The omission of Tone 3 from the pattern in Condition S2 led subjects
to report that .significantly fewer words were intelligible, yet this condition
remains significantly different from Conditions S3 through S7.

In the third task, listeners rated the voice quality of the sinusoidal
stimuli [1=natural, 2=funny (peculiar), 3=unnatural, UYznonspeech]. The average
ratings appear in Figure 2d. The split between S1 and S2 and the other conditions_
is still quite evident, though these stimulus patterns were considered to have
unnatural voice quality despite their clear intélligibility. In essence,
listeners in these two conditions apprehended the linguistic significance of the
~ patterns despite the radically wunnatural, nonspeech quality of these
signals (10). That is, they were able to perceive the sense of the utterance in
the absence of acoustic patterns of the kind producible' by the vocal tract.

The results of the present study cannot be explained within the framework of
e;isting theories of speech perception (1_1). for our 1listeners could not have
relied on an inventory of elemental speech cues in perceiving the linguistie
message in the tones. Without question, sufficient stimulation must have been
available in the tonal patterns to support phonetic perception, though it seems
that the perceiver's attention--which can be directed to find fhe appropriate
level of. abstraction of the stimulus—-ultimatelyi determines whether a "science
fiction sound" or a sentence is heard (12). We conclude, then, that speech
perception can endure the absence of particular short-time acoustic spectra and
traditional formant-based acoustic cues only in_sofar as certain of the dynamic

relations in the natural signal are preserved over the transformation (1_3_).
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Further examples of nonspeech tonal analogs of natural speech utterances are

needed to characterize these essential relations more precisely.
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[Chiba and KEaliyvoma, Op. elt.; K.N. Stevensa, in Handbook  of

Physlology-Respiration 1, W.0. Fenn and H. Rohn, Eds. (Washington, D.C.,

American Physiclogical Society, 1964)]. Glottal pulsing provides a source in
which energy iz pressnt at Integral multiples of the Mundamental frequency. The
complex resonance of the pharyngeal, oral and nasal cavities is treated as a
filter, in which the peaks In the transfer function represent the formants. The
perceptual teata of potentially distinotive attributes, however, have typleally
employed electronic or digltel enalogs of the source=Tilter theory of apeech
scoustica to fabricate stimulli. In doing 50, thess testa had not questioned the
neccessity of harmonic spectra or broadband formant structure in speech
percgption; nelther had they ralsed the posalbllity empirically that listsners
attend to higher-order relatlonsl properties of time-varying speech signals.

B, AM. Liberman and M. Studdert—Kennedy, in Handbook of Sensory Phyailology,

¥ol. VIII, "Perception® R. Held, H. Leibowitz and H.-L. Teuber, Eds. (Springer,

New York, 1978).

Ts K.N. Stevens and 35.E. Blumstein, in Perspectives in the Study of Speech.

8. G.A. Miller and N. Chomaky, in Handbook of Mathematical Psychology, Vel. II,

R.D. Luce, R.R. Bush, ond E. Galanter, Eds. (Holt, Mew York, 1960).

. It has often been emphaslzed that a varlety of acoustie esvents may cue &
single phonetic features Iin the absence of other, redundant cuea: sxperiments
with amthetic apeech 1In which phonetic distinctions were minimslly cued
indicate that listeners tolerate schematized speech algnala with little loas of

intelligibility [A.M. Liberman and F.S. Cooper, in Papers in Linguistics and

Phonetics to the Memory of Plerre Delattre, A. Valdman, Ed. (Mouton, The Hague,

1972)). For this reason, listeners probably do not require stimuli to display



the acoustic "stigmata"™ of speech to be candidates for phonetic interpretation

[A.M, Liberman, I.G. Mattingly, and M.T. Turvey, in Coding Processes in Human

Memory, A.W. Melton and E. Martin, Eds. (V.H. Winston, Washington, D.C., 1972).
However, even schematized synthetic speech has consisted of acoustic cues which
aré utterable in principle as components of a speech signal; these cues enjoy
specific articulatory rationales. This resemblence of schematized synthetic
speech to natural speech may have 1led theorists ¢to underestimate the
abstractness of the stimulus properties relevant to perception. As acoustic
signals, time-varying sinusoids are neither components of speech signals nor
may their function as phonetic information receive a 1iteral_ afticulatory
interpretation. For these reasons, the sinusoids may be said to specify'
phonetic identity abstractly. |

10. . Although much intelligible synthetic speech would also be judged unnatural,
this may be ascribed to the practice of presenting the speech cues in context$
of minimal variation in the acoustic parameters indifferent to
intelligibility—-—which affect speech quality nonetheless (Liberman and Cooper,
op. cit.). A synthesizer which produces a harmonic spectrum, broadband formants
and a fundamental period within the normal range will sound unnatural, and
perhaps be unintelligible, despite the acoustic resemblence to natural speech
if the syntﬁesis of prosodic variation—of speech rhythm, meter, and melody-~is
defective [J. Allen, Proc. IEEE, 64, 433 (1976)]. The judgment that this kind
of synthetic imitation of speech signals is unnatural 1is, therefore.‘ quite
different from the judgment of unnaturalness in the present case.

1. The proposal that 1listeners "track" formant frequency variations must be
entertained as an explanation of our findings only if the meaning of the term
"formant" is extended to mean ™a peak in the spectrum." In its present sense
the concept of the formant refers to a natural resonance of the vocal cavities

[Hermann, Arch. ges. Physiol., 58, 264 (1894)]. Quite 1literally, then, there
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are no vocal resonances in our tone complexes (though listeners who succeed in
extracting the utterance probably do 8o because the tones preserve dynamic
properties of vocally produced signals). Our preference 1is to retain the
literal meaning of formant, and  to conclude, therefore, that. a difference
between voiced speech signals and the tone signals 1is that one contains
broadband formants and harmonic spectra, and éhe other merely inharmonic peaks
with infinitely narrow bandwidths.

12. Our finding is related, in some sense, to early studies of "vowel piteh" in
which simple steadystate tones were judged to possess "vocality,“ or speechlike
qualities [W. Kohler, Z. Psychol., 58, 59 (1910); J.D. Modell and G.J. Rich,
Ag; J. Psychol., 26, HS3 (1915); E.B. Titchener, described in E,G. Boring,

" Sensation and Perception in the History of Experimental Psychology (Holt,

New York, 1942), p. 3T4]. More recent studies have shown that listeners may
identify brief complex sinusoidal patterns as isolated syllables, and therefore
as speech sounds, when they are supplied with restricted response alternatives
in low uncertainty judgment tasks [P.J. Bailey, A.Q. Summerfield and M. Dorman,

Haskins Laboratories Status Report on Speech Research, SR-51,52, 1 (1977); C.T.

Best, B. Morrongiello and R. Robson, J. Acoust. Soc. Am., 66, S50 (1979); M.E.

Grunke and D.B. Pisoni, Proc. Ninth Int. Congr. Phonet Sei., Vol. II, 461

(1979)]. The present study, however, makes use of neither a closed response set
nor a low uncertainty task to obtain the effect of intelligibility.

13. We have recently synthesized the sentence, "A yéliow lion roared," thereby
extending the range of tone synthesis to nasal manner as well as the stop
consonant, liquid consonant, and vowel phone classes represented here. Similar
findings have been obtained with this sentence, indicating that the present

results are not due to peculiarities specific to the sentence used in these

tests,
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RESPONSE CATEGORIES AND FREQUENCIES BY STIMULLS CONDITION

STIMULUS COMDITION

51
(T1+T2+T3)

52
(T1+T2)

53
(T2+T3)

54
(T1+T3)

55
(T1)

56
(12)

57
(T3)

FOR GROUP A

RESPONSE CATEGORIES

Science Fiotion Sounds (B8), Computer bleeps (5),
Music (M), Several simultaneous sounds (3), Human
speech (3), Where were you a year a=go (2), Radio
interference (2), Human vocelizationa (1), Artificiml
speech (1), Bird sounds (1), Reversed speech (1)

Science fiotion wsounds (7)., Computer bleeps (3),
Sirens (2), Musie (2), Radio interference (2), Tape
recorder problems (1), Feversed speech 1,
Whistles (1), Artificial speech (1), Human aspsech [1)

Ecience fietion sounds (14), Radie interference (3},

Music (2), Computer bleeps (2), Whistles (1), Several
simultaneous sounds (1)

Soience fiction sounds (9), Artifieial speech (5),
Computer bleeps (4), Several simultaneous sounda(l),
Whistles (3}, Radio interference (2), Tape recorder

problems (2), Human speech (1), Human vocalizations (1),
Reversed speech (1), Musie (1)

Science [letion soundas (5), Muaic (B), Reverasd
apeech (&), Tape recorder problems (3), Human
speech (2), Artificial speech (2), Animal ecries (2},
Bird sounds (2), Radlo interference (2), Several
simultaneous sounds (2), Human vocallzations (1)

Sirens (7)., Bird sounds (4), Mechanical sound
effects (4), Radio interference (&), Animal cries (3),
Whistles (2), Computer bleeps (1)

Bird soumds (17}, Whnistlea (6), Hechanical 3sounds
effects (5), Human vocallizations (3), Human speech (1),
Artificial speech (1), Computer bleeps (1), Animal
eries (1), Musie (1), Easdic interference (1), Tape
recorder problems (1)
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FIGURE CAPTIONS

Figure 1. (a)Narrowband spectrogram of the natural utterance, "Where were you a
year ago?" showing harmeonie structure as narrow horizontal lines along the
frequency scale, (b)Wideband spectrogram of the same utterance, showing formant
pattern as dark bands along the time axis. Note that the vertical striations
correspond to individual laryngeal pulses. (c)Narrowband spectrogram of the
three-tone sinuscoidal replica. The energy concentrations follow the
time-varying pattern of the formants above, but there is no energy present
except at the formant center frequencies.

Figure 2. (a)Transcription performance for Instructional Condition B.
(b)Detection ratings for Instructional Condition € (1=Confident Yes,
10=Confident Ne): (e) Ratings of number of intelligible words in the tones
{1=every, 2=most, 3=a few, U=zalmost none, 5=none): (d)Naturalness ratings

(1=natural, 2=peculiar, 3=unnatural, H4=nonspeech).

TABLE CAPTION

Table 1. Response categories and frequencies by stimulus conditions in

Instructiconal Ceondition A.

339



Remgs, Rabin, Pisond & Carimll

(Al

FREQUENCY (kHZ)

B "

ol "||i”|||ﬂh.i. ‘u!|=4|i|“.' A

2 b l | l| | |I|||H|1

- uun |||| “HI |
, 10

Q 200 400 GO0 Bo0 000 200 400
TIME (MSEC)

FiGURE 1.

340



Bemer, RBubin, Flsoml b Carrell

SMNO L FONDD H-.-.-'...l- 1§

i Tenld

g ! [ 31 Is L} ]
- #1} LT B =il l- .-.- LF Tl SR PR m
e i B,
B
-
[ -
3
L =
- 5
-
3 dNOYD HOJ
SEINTVENITN 40 SINIIVY
(Q)
FNQiLgwe] SNTINMILLE
it L] L] ¥i s It [} ]
ik [T Gl R RS RS @l Egcdeegr B34
¢ =2
-
i
=
g B
i !
-l =
"
b W H-
=
T ]
=
= --._ﬂ.l
< dNOED HOJ

SONIYY FINIDIANDD & NOWIZLIO ON/SIA

(8}

ENOILIONDT SRTAWILE
i L L1 L i i &

Wik aai Hill 1 FELTTIE L FY .—.._.:. LR LT .
Z
z L 4
Z
-
”~
- - £
z
Z
o T
-
| <
%
2 N0u0 w4
ALITIEDITIIING QuOM 40 SANIITY
{2
SO LONEY SANmILE
i% % 1] [ 2] i% % L} 1
LT 18 gl g el EarEal g vedd et Bl &
= 1
- 1
-
id
_
8 2N0NT B4
NOIIVIIAIINITT FTEVTLIS  1J3ew0)
fv)

SOMILYHE NOILINDDDIS Dihm

13380 SIETTIAE HYIN

341



342
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Fundamental Frequency as a Cue to Postvocalic Consonant Voicing

in Production: Developmental Data

Sue Ellen Krause
Department of Psychology
Indiana University

Bloomington, Indiana 47405

A paper presented at the 99th Meeting of the Acoustical Society

of America, Atlanta, April, 1980.
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INTRODUCTION

Several recent studies have demonstrated that fundamental
frequency (FO) contour of a vowel affects perception of vowel
length (e.g.  Lehiste, 1976; Pisoni, 1976; Wang, Lehiste,
Chang, and Darnovsky, 1976). Specifically, a vowel with changing
FO contour, either rising or falling, is perceived as longer than
a monotone vowel. Moreover, it has Dbeen shown that vowel
duration serves as a perceptual cue for postvocalic consonant
voicing (Denes, 1955; Raphael, 1972; Krause and Fisher, 1980).
In an identification paradigm, the probability of a voiced
fesponse increases as the vowel stimulus duration increases.
Taking this one step further, Lehiste (1977) demonstrated that FO
contour of the vowel directly affects the segmental feature of
voicing for apical stops 1in the postvocalic position. She
suggested that changing FO contour, through its mediating effect
on vowel duration, can serve as a cue to the voicing feature of
the postvocalic consonant.

Gruenenfelder and Pisoni (1980) replicated Lehiste's earlier
findings and extended the effect to a fricative voicing contrast,
as well. In addition, they examined FO contours in speech
production to determine whether the pérceptual results could be
explained by appeal to articulatory regularities in production.
However, the majority of their talkers did not demonstrate
significant differences iﬁ FO contour. These results were in
agreement with findings of two earlier studies (Mohr, 1971 and
Lea, 1953). To explain the disparate' findings Dbetween the

perceptual and production data, Gruenenfelder and Pisoni
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suggested that the effects of FO contour in perception may simply
reflect a more general psychophysical phenomenon that is not
necessarily restricted to speech and probably not tied to any’
regularity in speech production.

The role of fundamental frequency contour in realizing
differences in postvocalic consonantal voicing is also of
interest from a developmental perspective. In identification
tasks, I have demonstrated that children of 3- and 6-years of age
require longer vowel duration values to shift their Jjudgments
from a voiceless consonant to a voiced consonant (Krause and
Fisher, 1980). - Similarly, in speech production, children
demonstrate reliably longer vowels before voiced consonants than
do adults (Krause, 1980). Thus, while children do use vowel

duration as a cue to postvocalic consonant voicing, they seem to

exaggerate the vowel duration difference between voicing
contexts. It seems possible that suprasegmental features of
production, such as FO contour within a syllable, may be
exaggerated, as well, perhaps reflecting less preéise

articulatory control over this phonetic contrast.

In addition, one might consider the progressively greater
control .over pitch that 1is demonstrated with increasing age.
Although FO stabilizes considerably by age 3-4 years, Kent (1976)
has reported that young children do demonstrate more variability
in their average FO than do older children or adults. Thus, any
indication of regular control over FO contour with respect to the
segmental feature, voicing, would be provocative. The specific

purpose of the present study was to examine the FO contours of
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vowels in relation to the postvocalic voicing distinction from a

developmental perspective.

METHOD
The subject sample consisted of five 3-year-olds, five
6-year-olds, and five adults. All subjects passed screening

tests for normal language and articulation skills and normal

hearing sensitivity.

The test stimuli consisted of six words, BIP, BIB, POT, PQD,

BACK, and BAG.

The postvocalic voicing distinction was tested in three different
phonemic contexts: with the vowel [I/ followed by bilabial
stops, with the vowel /a/ followed by apical stops, and with the

vowel /% / followed by velar stops.

Randomizations of the six test words, pictured as 1line

drawings, were presented to the subjects in a sound-attenuated
room. High fidelity audio-reccrdings were made of all
productions., The 10 +trials with the most consistent stress,

intonation, and loudness levels were selected for analysis.
Spectrograms were made of each producticon with a Voice
Identification Sound Spectrograph, using a filter bandwidth of 45

Hz, over an expanded scale of 50-4000 Hz.

Fundamental frequency was measured at the start of the vowel
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{FOs) and at the end of the vowel (FDe). AF0, the change in FO,
was calculated for each production of the test words for each
subject. Those AFD values were then averaged for each speaker's
production of a test stimulus, yielding one aF0 walue per word

for each subject, which was used as the dependent measure for

statistical analysis.

RESULTS

The next s5lide shows the effect for the Age factor, which
was significant.
—————————— SLIDE d==——======
As shown here, AF0 decreases with increasing age. only the
contrast  between 3-year-olds and adults was statistically

significant. Moreover, a significant effect was found for the

Voicing factor.

Specifically, AFD was greater preceding wvoiced stop consconants
than preceding voiceless stop consonants.

These two main effects are most meaningfully interpreted in
terms of the Age x Voicing interaction. A display of the mean
AF0 values for the three age groups by volecing feature is

provided in the next slide.

The relation between the Age and Voicing factors was examined in
two wWays. The first examined the simple effect of wvoicing at

each age lewvel. The contrast in &4F0 Dbetween the wvoiced and
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voiceless contexts reached statistical significance only for the
3-year-glds. That is to say, l-year-olds demonstrated rellably
larger changes in F0O from the start to the end of the voweal
before wvoiced stop consonants than before volceless stop
consonants. The finding that AF0 is essentially the same before
voiced and voiceless consonants for the adult speakers in this
study is consistent with the earlier adult studies [(Mohr, 1971;
Lea, 1973; Gruenenfelder and Pisoni, 1980). While no claims are
being made here regarding FO contour as an actual cue to
postvocaliec consonant voicing for the l-year-old children, this
finding does complement results of vowel duration measures made
on the same set of data. This point will be discussed in more
detail later.

I also examined the simple effect of Age for each of the
voicing contexts. While a decrease in AF0 18 shown with
increasing age for wvowels before volceless stops, unl;_ the

contrast between 3J-year-olds and adults reached significance.

For vowels preceding voiced consonants, values of AF0 differed
reliably for all age contrasts. Agaln, this finding appears to

be best interpreted in relation to the vowel duration data.

DISCUSSION

-------- ~=SLIDE T=m===m=e=—-
This slide displays the mean duration wvalues for vowels
preceding voiceless stop consonants and for vowels preceding the

voiced stop consonants, averaged across the three phonemic
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contexts tested in speech production (Krause, 1980). A
significant interaction between the Age and Voicing factors was
found for +these data. While all age groups demonstratéd
significant differences in vowel duration before voiced and
voiceleés consonants, the 3-year-olds showed the greatest
différence in vowel duration between the two voicing contexts,
the 6-year-olds showed less difference, and the adults showed the
least difference. The FQ contour data reflect a parallel effect.
Specifically, the difference 1in FO contour between voicing
conditions decreased with an increase in age.

The interaction for vowel duration appears to be primarily
due to decreasing values of duration before voiced consonants
with increasing age. BAge comparisons for the FO contour data
yielded comparable findings. The change in FO from the start to
the end of the vowel was most similar Dbetween age groups for
vowels preceding voiceless consonants. Moreover, all age groups

differed significantly on FO contour of vowels preceding the

voiced stops.

SUMMARY AND CONCLUSIONS

In summary, results of this study indicate a clear
developmental effect of FO contour with respect to the voicing
contrast for postvocalic stop consonants. The adult data from
this study are consistent with the adult data reported by other
investigators. The FO contours obtained for the children,

particularly for the 3-year-olds, are different from those of
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adults, although those data do complement earlier developmental
findings on vowel duration as a function of postvocalic consonant
voicing.

It is premature at this point to define either the
mechanism(s) deployed by young children in realizing these FO
contour differences or why children differ from the adults’
per formance. However, we may conslder certaln factors that could
contribute to the developmental effect. For example, the
findings from this study could be, at least partially, a function
of language-specific linguistic experience with English. As
young children gain "knowledge" about the importance of various
acoustic correlates of phonemic contrasts over time, they may try
to maximize the dJdifferences in production between phoneme
targets, as appears to be the case for the use of the wvowel
duration cue. Perhaps pitch differences are another means for
reallzing these same distinctions In wvoicing. That is,; tha
developmental differences demonstrated in the present study may
represent an early holistic stage in phonological development.
Furthermore, since both pitch inflection and duration are
correlates of stress, the larger pitch excursions observed in the
children's speech may be a function of syllable stress.

As noted earlier, it is generally accepted that children's
average fundamental frequency and formant fregquency values are
more variable than those of adults., The use of this FO contour
measure may represent another parameter that will stabilize with
age. At this point, it is unclear as to whether FO contour

differences could be tied to poor control over vowel duratlen eor
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if they operate separately, but in a similar fashion to realize
voicing in final stops.

Further data analysis is now in progress to assess other
measures of FO contour and to make quantitative comparisons
between the FO contour and the vowel duration data reported here.
Moreover, additional developmental perceptual research is in
progress to assess the use of multiple acoustic parameters that
function as both segmental and éuprasegmental features in adult
speech, as well as how these parameters develop with age and
experience in the language learning environment. The present
results show that control over pitch has a developmental course
much 1like my earlier findings dealing with requlation of vowel
duration. The control over these distinctive acoustic correlates
becomes more precise as the child's 1linguistic maturity

approaches that of the adult.
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Abstract

The present experiment investigated two hypotheses that have
been advanced to account for the young child's difficulty in
performing explicit phonemic  judgements and manipulations.
According to one hypothesis, this difficulty results from the
absence of phonemiec componentsa in the child's wonderlying
representation of apeech. According to the other, it reflecta an
inability to access these units. Tn the classification task
employed in the present experiment, prereading children and more
experienced readera were asked to group CV syllables with either
of two pretrained syllables. Classification by either consonant or
vowel identity was possible, although the stimulus sets were
designed to bias children towards consonantal classifications.
Even very vyoung children made a substantial number of consonant
and vowel clapsiflications indicating that they represent speech in
terms of phonemic segments and can access this information.
Because the classification results were not strongly related to
reading ability, it was proposed that the clasaification task taps
sensitivity to phonemic information at a level of processing that
is different from that used by explicit segmentation taskm. Such
sengitivity may, in fact, serve as the basis for the development

of segmentation abilities.
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Classifieation of CV Syllables

by Readers and Prereaders

The difficulty young children 4 or 5 years of age experience
in tasks requiring explicit phonemic judgements and conscious
manipulations, such as judging the number of phonemic segments in
words, making same-different judgements about phonemic megments,
and rearranging and deleting specified segments (e.g., Bruce,
1964;: Calfee, Chapman & Venezky, 1972; Liberman, Shankweiler,
Fisecher & Carter, 1974; Savin, 1972) has been interpreted in two
different ways. The first Interpretation holds that although
phonemic units form part of the child's representation of speech,
they are not accessible for consclous inspection (Gleltman &
Rozin, 1977; Liberman, Shankweiler, Liberman, Fowler & Fischer,
1977; Rozin & Gleitmen, 1977). This position is consistent with
current interpretations of developmental differences in cognitive
abilities, particularly those related to memory (see Brown, 1978).
The second view assumes that the child's difficulty indicates that
phonemes do not constitute perceptually real entities for the
child - i.e., that they are not a part of the child's underlying
representation of speech (Treiman & Baron, 1980). Indeed, the
‘peychological reality®' of the phoneme constitutea a topic of
debate even with respect to adult apeech perception. The
controversy centers around the guestion of whether or not this
information is necessarily computed in fluent speech processing

prior to lexical access (e.g., see Klatt, 1980: Foss & Blank,
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1980} since such information is available to adults at least after

word identification. Theee two accounts of the child's difficulty
differ then in their assumptions about how speech is represented
in the child's mental lexicon. They differ further with respect to
the implied relations between +the perception of speech and
learning to read. We will briefly consider these two views and
their implications for learning to read.

The view that phonemes are "real" for the child, but eonly
become accessible with age, is motivated, in part, by the young
child's rather sophisticated ability to produce and understand
fluent speech. Some researchers (Gleitman & Rozin, 1977; Liberman
et al., 1977: Rozin & Gleitman, 1977) have maintained that
perceptual constancy of the phoneme and phonemic segmentation are
achieved implicitly by a mechanism that is, following the position
of the Haskins [Laboratory group. speclalized Ffor speech
proceseing. The coarticulation of speech sounds gives rise to a
continuously wvarying acoustic waveform In which reliable cues for
phoneme segmentation are absent and in which sounde are encoded in
a context-dependent manner, such that one portion of the waveform
cannot be interpreted without reference to adjacent portions. The
speech perception mechanism deals with this encodedness problem by
reference to the motor-articulatory patterns which initially gave
rise to these contextual dependencies. However, the relations
between the articulatory and auvditory systems which support this
decoding are not simple; they are presumed to be "hard-wired" into
the speach perception mechaniem and apparently deo not form a part
of the child's explicit Xnowledge of speech. At the level of

perception, at least as perception is viewed by Gleltman and
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Rogin, and Liberman and her aspociates, segmentation of the
waveform is not possible for the child and phonemic units are not
coneciously realized. These researchers proposes that the syllable
represents the 'lower bound as a real-time (accessible) unit' of
aspeech processing, which is the lowest level of linguistic
atructure that maps linearly onto the sound stream and thus the
syllable lends itself more readily to conscious awareness.

The contrasting view is that the difficulty young children
have in making phonemic judgements reflecta a fundamental
difference betwaen children and adults in the underlying
representation of speech (see Treiman and H;rnn* 1980). The
child's diffieulty, according to this wview, reflects a more
general tendency of the {immature perceptual aystem to perceive
what are for adults separable dimensions of stimuli (i.e.,
phonemes)} as integral - i.e., as undifferentiated wholes (Smith &
Kemler, 1977; Bhepp, 1978). The child's poor performance is not,
therafore, sparific to the encodedness problem of speech or a
result of a mere inability to access phonemic dinformation.

Treiman and Baron (1980) have reported several findinges which
support their position. First, they have shown that young children
classify speech esounds by their wholistic similarity rather than
by phonemic identities. PFor example, children tend to judge
syllables such as /bi/ and /vk/ (which are wholistically alike) as
belonging 4in one category, while adults tend to judge the
syllables /bi/ and /[bo/ (which share a constituent phoneme) as
belonging in tha same category. Becond, in a free classification
task, no significant difference in the percentage of consonant va.

vowel classifications was found, and in a conetralned

365



clagsification task, ehildrin learned t6 make common phoneme
clagsifications equally well for stops nné fricatives. These
findingae would seem to indicate that it i3 not, as the
inaccessibil ity hypothesis contends, simply acoustic consider-
ations which Adetermine the difficulty of phonemic analysais.

Bot only do these two groupas of researchers differ in how
they wview the child's representation of speech, but they also
differ in how they characterize the emergence of segmentation
skills. As Read (1978) has put it, these abilities appear at a
decidedly "suspicious’ peoeint in development - at a time when the
child begins to learn to read (an alphabetic orthography).
According to Gleitman and Rozin, and Liberman and her associates,
learning to read an alphabet is Aifficult (in comparison to &
syllabary, for example) because, in order to take advantage of the
alphabetic principle, it reguires that the user learn letter-sound
correspondences which are not based on an easily accessible
perceptual category. Thus, it is suggested that learning to read
is a prereguisite for the development of phonemiec perception or
awareness and, more generally, that metalinguistie insights whieh
are fostered by learning to read causally precede these cognitive
categories. Stated another way, phonemic perception may emerge
specifically as a conseguence of learning to read an alphabetic
orthography. If this characterization is an accurate one, it
implies an interesting relationship between speech and reading;
i.e., the latter is generally viewed either as eguivalent or
parasitic to the primary linguistic process of speech, yet here is
an Instance of the secondary linguistic process exerting a

profound influence on the primary process (see aleso Miller, 1972,
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for wsome interesting comments on the relationship between writing
and the evolution of Western logic).

The claim that learning to read an alphabetic orthography
leads to the formation of abstract perceptual/cognitive categories
and metalinguistic insights (i.e., access +to phonemes) may be
contrasted with the opposing wvilew which holds that phonemic
categories are a prerequisite for reading and the growth of
metalinguistic knowledge - i.e., phonological awareness. To some
extent, this position is embodied in Treiman and Baron's view of
the dJdevelomment of phonemic perception. According to these
investigators, the emergence of the ability to perform
segmentation tasks represents a fundamental change in the way
speech {8 represented by underlying perceptual mechanisms and,
indeed, a change that occurs throughout the perceptual asystem.
Integral perception of speech becomes separable with general
development at a time when this change occurs for other stimuli
{e.g., for the dimensions of visual stimuli, such as color and
form). Although Treiman and Baron might not disagree that this
change may be prompted by learning to read, to the extant that
this change occurs in other realms of perceptual processing, their
position is more that 1t is the result of general cognitive
growth. It may be noted that although segmentation abilitles
improve mnarkedly around the time the child begins to learn to
read, this is also the time that the child begins a program of
formal education In which a variety of explicit analytic skills
are taught. It need not be the case, therefore, that dimensions
that are initially perceived as integral by the child become

separable simply according to some internal developmental
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schedule. Rather, wvarlous forms of experience, including that of
reading, might foster this development. The ecritical claim,
however, is that the progression from the “integral®™ to
"separable” perception of phonemes 1s part of A general
developmental trend which is likely to emerge without specific
training. This is consistent with the finding (see Liberman et
al., 1977) that the relative performance of prereaders in a
phoneme counting task is correlated with their later reading
ability.

Because it is impossible to systematically prevent reading
instruction for children, disentangling these two explanations of
the development of phonemic perception - {i.e., learning to read an
alphabetic orthography ve. more geéenaral cognitive development - is
difficult. There is a host of evidence suggesting that some kind
of relationship exists between children's perception of phonemes
and learning to read an alphabetic orthography (e.g., Liberman et
al., 1977; Makita, 1968; Rozin, Poritsky & Sotsky, 1971l; Rozin &
Gleitman, 1977), but the causal direction of this relationship
remains unclear. There 1is, nevertheless, some pupport for the
notion that access to phonemic structure requires Treading
instruction with an alphabetic orthography. For example, Morais,
Cary, Alegria and Bertelson (1979) atudied segmentation abilities
in illiterates and found that, 1ike children, these adults had no
problem producing or understanding fluent speech, but, relative to
& group of literates, they had substantial difficulty on
segmentation tasks (adding and deleting specified segments). This
result, which is presumably not predicted by the general cognitive

growth hypothesis, suggests that the failure to develop these
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segmentation skille was a result of the absence of reading

instruction, rather than an arrest in cognitive growth. (One
serious problem with accepting this interpretation, however, is
that these investigators failed to control for the illiterates’'
level of general intelligence - j.e., it is not clear whether the

illiterates 4id not learn to read through lack of opportunity or
lack of ability to do so.)

While young children apparently do not have easy access to
phonemic information or sophisticated abilities for segmenting and
manipulating this information, there are wseveral reasons for
suspecting that phonemes do actually form part of the child's
underlying representation of speech and that these are to some
extent accessible. First, recent attempts to model the ihitial
stages of speech processing (Kewley-Port, 1979: Searle, Jacobson k&
Rayment, 1979; S&tevens & Blumstein, 1978, 1980), which employ
novel (va. traditional spectrographic) methods of speech analyesis,

have met with considerable success in identifying invariant
acoustic correlates for place of articulation - a feature that has
been particularly resistant to any satisfactory acoustic
definition (see Liberman et al., 197). The existence of such
invariants does not preclude the notion that the developing child

is faced with the task of extracting these invariants from the

waveform and that +this may be difficult, but it doss at least
allow for the possibility that these invariants are present in the
child's representation of speech before reading is undertaken.
Second, these possible acoustic invariants may provide the basis
for the constancy of the phonemic/phonetic percept. At least three

studies of infant aperech perception have shown that such
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perceptual constancy may exist even at a prelinguistic point in
development (Eilers, 1977: Fodor, Garrett & Brill, 19753 Kuhl,
1976). Such findings would seem to constitute a further indication
that phonemes or the perceptual categories on which they are based
are eventually a part of the prereader's representation of apeech.
Third, there is additional empirical evidence, which {is largely
overlooked in discussions of phonemic perception and its
developmant, indicating that the prereader I8 sensitive to
phonetic similarities between Aifferent vowels (Read, 1973). While
such sensitivities may not indicate the exlstence of phonemic
categories per ase, they do suggest that the child possesses some
ability to attend to the component segments of speech sounds. This
ability may, im turn, provide the basis for the child's rather
sophisticated knowledge of phonological rules and knowledge about
what constitute relevant and irrelevant phonetic variations in
speech (i.e., phonemes) - knowledge which is not easily accounted
for by the wholistic similarity view of the child's perception of
speech.

How can the discrepancy between Read's results, together with
those from the infant speech research, and the wealth of studies
demonstrating the difficulty of phonemic tasks for young children
be resolved? Read (1978) attributes his success 1in demonstrating
sensitivity ¢to phonetic relationships between different vowels to
the nature of the task that he employed. He has proposed that
accessibility of linguistie structurea 1is possible to varying
extents - {.e., as sensitivity to these structures is manifeated
in the ability to perform tasks of different complexity. Thus, the

ability to make similarity judgements in his task is indicative of
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access to these structures and is easier than the categorization

and segmentation studies typically used to study speech perception
in children. These tasks are at a level of complexity very close
to the gkills required in reading. Whereas Read's task simply
required that children judge whether a sound like /f€d/ was more
similar to fgd/ than was a sound like /fard/, segmentation tasks
require explicit, conscious manipulation of phonemes (for example,
counting the number of phonemes in the word “dog®., pronouncing the
word “monkey" without the "~ spund, etc.). Children's
performances in these two types of tasks may tap quite different
lavels of awareness of the sound structure of languager Read's
results may be indicative of some initial sensitivity to this
structure, whereas the repults of segmentation studies may define
the limits of this sensitivity. Thus, one reason for previous
failures in demonstrating the accessibility of phonemic categories
may be due to the general assumption that segmentation, which is
apparently very difficult, but which has usvally been reguired in
these studies, is the only indicator of accessibility of +this
information. One could hypothesize, however, that there exists in
the child an initial seneitivity to phonemic components that
matures into explicit awareness of segments. Read's results can,
navertheless, be interpreted in terms of the child's sensitivity
to the wholistic similarity of his test items (i.e., /€d/ and/fed/
are more wholistically alike than /8d4/ and /fmd/). Furthermore,
even if there does exist this developmental trend from initial
sensitivity to explicit awareness of phonemic segments, what

fosters §{t - general cognitive growth or learning to read?
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¥e addressed these two issues - how sensitive the young child
is to. phonemic megments and how this sensitivity is related to
developmental level and learning to read - with a classification
task. Specifically, we invesatigated the abllity of prersaders
{kindergarteners) and beginning and more experienced readers
(second and fifth graders) to classify speech sounds (CV
syllables) by their constituent phonemes. Tt may be noted that in
Treiman and Baron's (19B0) free classification task, wholistie
simjlarity was pitted againet the phonemic classification.
Therefore, thelr results may indicate that children merely prefer
the wholistic similarity classification, as opposed to having no
representation in terms of phonemes. We attempted to structure our
classification task such +that it would be optimal for the
extraction of consonantal information from the stimulus array.
According to Gibson's (1969) view of perceptual development and
learning, it should be easier for the child to extract invariants
from a stimulum array in which there is a conaiderable number of
exemplars of that invariant. Furthermore, this extraction process
may also be facilitated when identity on the relevant dimension is
presarved, but when the stimuli do not possess a large degres of
wholistic similarity (Kemler & Smith, 1979). Specifically, the
stimulus sets used in the present experiment were designed in such
a way that the stimuli could be grouped on the basis of shared
consonantal information (+labial and + dental) or on the basis of
shared vocalic information (+ and - front wvowel). However, the
opportunity for grouping according to initial consonant was made
optimal by presenting stimuli which shared consonantal information

more often than vecalic information and by using rather dissimilar

vowels in the syllables.
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Me thod

Subjects.

The subjects for the present experiment were children
enrclled in an elementary school in the Blocomington area and paid
volunteers whosae parents responded to an advertisement.
Twenty—five kindergarteners (mean age = 5,11 vyears), 26 second
graders (mean age = 8,1 years) and 27 fifth graders (mean age =
10,2 years) participated in the experiment. In addition, 10
kindergarteners and 1 fifth grader contributed data, but failed
either to meet the pretraining eriterien (10 correct consecutive
responses) or to meet an acceptable level of correct responding
(75%) on pretrained items in testing and their data were not
analyzed. Mo gross speech or hearing disorder was reported for any

child by parents at the time of testing and all subjects were

native speakers of English.
Procedure.

Bach subject was tested individually in a single session
lasting no more than 45 minutes. The sesslon included a
classification task (pretraining and testing), a picture-letter
matching task, and a reading test where applicable (see below).
The subject was seated at a table facing two puppets. Experimenter
1 (El1) sat facing the child and experimenter 2 (E2) sat to one
side of the table.

The experimental session began with pretraining. Tn this
phase of the experiment, the child was informed that each of two

puppets made a special sound that the child wam to learn. The
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cthild was asked to pat the correct puppet on the head whenever ha
heard that puppet's sound. Fl then read the two pretraining {items
from a randomized list. Ex? recorded each response fram the child
and informed him whether or not he was correct. After a minimum
criterion of 10 correct conssecutive responses, the testing phase
of the task was initiated.

In the testing phase of the procedure, the child was told
that he was going to listen to several more sounds made by either
of the puppete and that he was to choose which one of the puppets
had made the new sound and indicate his choice by patting one of
the puppets on the head. El then read esach of the B test items
within a blogck. Each test item was read in the carrier sentence
"if puppet A says (pretraining item 1) and puppet B says
(pretraining item 2), who would say (test item)?" E2 recorded the
child's response on each trial. The order of the puppets and their
associated sounds in the carrier sentence was alternated between
blocks. In addition, at the beginning of each block, E? asked the
child what sound each puppet had started out saying {the
pretrained items) and if he d4id not remember, the uhiid was
prompted. No feedback was given on individual test trials, but
general encouragement was given at the end of each block.

In the picture-letter matching task, the child was shown 3
pictures and asked to identify each object. If the child 4id not
respond with the intended object name, B? corrected him. The child
was then asked to point to the picture that "went best" with a
letter shown to the side of the pictures. El recorded each child's
response. Only those subjects who responded correctly on B out of

the 10 trials advanced to the reading test.
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In the reading teat, El held up cards with the test items one

at a time in random order. E? transcribed all readings of each
W rd offered by the ochild. Each child received the same
one-syllable real and nonsense (18R, 18N), and two-syllable real
and nonsense (28R, 25N) word lists (in this order). If a child
could npot read any of the first four words shown in either of the
18R or 28R 1lists, the session was terminated. Before testing on
the nonsense words, the child was told that he was going to @ea
some “pretend” words that El and E2 had made up and to try to say
these aloud the way he thought they should sound even though they
might sound silly.

Stimulus and Dlliiﬂ_.

Pretraining and test {tems were drawn from the oral stop

consonant stimulus set /bi, bE, ber, bo, 4i, 4%, der, do/ or from
the nasal stop consonant set /mi, m&, mer, mo, ni, nt, ner, no/.
Bubjecte in the oral stop condition (08) and the nasal stop
eondition (NS8) were randomly assigned te 1 of B8 possible
pretraining contrasts that pltted both place of stop consonant
articulation and vowel frontness against each other. Thus, for
example, the pretraining constrasts for 08 were /[bi/ wvs. /[der/,
/ei/ wvs. [dof, /vE [ wvs. fder/, /V&/) vs. [dof, [ber/ va. [41],
/eer/ va. fAE), [bo/ vs. [Ai/) and /bo/ vs. [de/. Puppet assignment
to a pretraining item in a econtrast was counterbalanced. The
testing phase of the classification task conslsted of nine taat
blocks. Within each block, each item of a stimulus set, including
pretrained items, appeared once in random order. El, who spoke the
local dialect of the children tested, read all the sounds aloud

from a prepared list.
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In the picture-letter matching task, 10 groups of 3
hand-drawn pletures were presented (on paper) together with the

orthographic asymbol for a consonant, which began the name of only

1 of the 3 pictures.
Test 4Litems in the reading task were handprinted on 3 x § "
cards. Nine items appeared in the 18R and 15N in the word liate

and 10 items in the 7SR and 25N word lists.

Fegults

Figure 1 pshows the mean percentages of correct consonant

Insert Figure 1 about here
classifications made by the kindergarteners, second and fifth
gradera. The first two test blocks were regardsad ae AT
introduction to the classiflcation task and the mean percentages
shown in this figure are, therefore, based on performance on the
last 7 test blocks. The scores for each child were submitted to an
analysis of variance for a 72 (Grade) x 2 (Stimulus set) design.
This analysis revealed only a main effect of Grade (F(2,73) =
9.52, p ¢ .0l). Planned comparisons further revealed that the mean
percentages of consonantal classifications by kindergarteners
differed pignificantly from those of second and fifth graders
{(t{75) = 4,31, p < .01; £(75) = 3.39, p <« .0l, respectively). The
mean percentage of classifications by second and fifth graders 4id

not differ weignificantly from one another (£(75) < 1.00). Theass

results point very clearly to am increasing ability to attend to
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consonantal information in CV syllables between kindergarten and
grade 2, at which point this =2bility appears to asymptote.

Nevertheless, the kindergarteners ability to make consonantal
clagalifications is greater than chance (t(24) = 4.44, p < .01),

indicating that they can and do attend to this type of component

seqgment . :

Also shown in Figure 1 are the mean percentages of correct
vowel classifications for each grade. A vowel classification
refers to a classification made on the basis of vowel identity,
Thums, for example, if the test item /di/ was grouped with the
pretralned ditem /bi/, this was scored as a correct vowel
classification. Subjects’ wvowel scores were  based on the
pretrained vowels. Thus, if a subject was pretrained on /bi/ vs.
/do/, his vowel score was based on only the 4 sounds /[bif, /bo/,
fai/ amnd Jdo/. A two-way analysis of wvariance showed only a
marginally significant main effect of grade level (F(2,73) = 2.97,
p ¢ .10). Planned comparisons indicated that the mean percentages
of vowel classifications by kindergarteners differed significantly
from those of second graders (t(75) = 2.58, p « .01), but not from
those of fifth graders (t(75) < 1.00). The mean percentages of
vowel classifications by second and fifth graders fell just short
of being significantly different (t(75) = 1.65, p *» .05},
Selective attention to vowel segments appears, therefore, to
follow a curvilinear trend which drops between kindergarten and
second grade and increases again between second and fifth grade.
It is the cape. however, that the mean percentage of vowel
classifications made by the second graders is still greater than

chance (¢(25) = 4.20, p < .01).
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In addition to examining the mean percentages of consonant
and vowel classifications for each grade, we also determined the
classification "“rule® used by each subject. A rule wam defined as
classification (by consonant, vowel or some other means) on BO% or
more of the test trials. The percentages of subjects for each

grade using these three rules are given in Table 1. As one can

L2 R L o 2 % o = 2] - e a |

Insert Table 1 about here

gee, the pattern of rule use by individoal subjects in each grade
conforms well with the results derived from the group analysis.
Specifically, classification by consonant increases between
kindergarten and second grade where it plateaus, whereas
classification by vowel is better described by a u-shaped
function. Finally, it may be noted that there im a decline in the
use of the "other™ rule with inereasing age.

Since wvirtually all of the fifth graders performed at a
ceiling level in the reading test, their data do not illuminate
the relationship between classification and reading and their
reading data are not shown here. Therefore, only the reading
per formances of the kindergarteners and the second graders will be

considered below.

Table 2 shows the results of the picture-letter matching task

Insert Table 2 about here
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in relation to rule use for the kindergarteners. Subjects were

divided into two groups - those who scored B80% or better in the
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Table 1

Percentage of Subjects Using a

Consonant, Vowel or "Other"” Classification Rule

Grade
Bule Use K 2 -
c 20 69 44
v 40 16 37
o 40 19 19
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Takle 2

Rule Use by Kindergarteners

in Relation to Reading Ability

Matching Task Reader
Rule Use Pagss Fail Yen No
C 4 1 2 3
v 3 7 0 10
o] 7 3 1 9
Total 14 11 k! 22
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matching task and advanced to the reading test (Pass) and those
who did not (Fail). As can be seen in the table, over half (14/25)
of the kindergarteners (most notably those who used a censcnant or
an "other"” rule) passed the matching task by this ecriterion. Very
few of these children (3/14) could actually read more than 4 of
the 9 15R words - a result which would seem to argue against there
being any strong or clear relationship between rule use and
reading ability. The three subjects who were able to read (81, S9,
S818) scored at least 7/9 on the 1SR words and 3/9 on the 18N
words. Two of these subjects were consonant rule users, the third
an "other" rule user.

The second graders performed at <ceiling for the
picture-letter matching task and the 1S8R and 28R word lists and
therefore these results are not shown. Two levels of reading
proficiency (Pass and Pail) were defined Dby 70% or better
per formance on the 15N and 25N word lists. The resulta are given

in Table 3. As can be seen from the table the ability to read

Insert Table 3 about here

these simple nonsense words is not clearly related to rule use
since roughly half of the subjects in each rule group met this
criterion. A consideration of the results of the two syllable
nonsense words in relation to rule use is somewhat more
informative (see Table 3). It appears that all subjects who met
the pass criterion tended to use either a consonant or vowel rule.
However, use of either of these rules did not guarantee reading

success (as is also indicated by the absence of any relationship
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Table 3

Rule Use by Second Graders
in Relation to Reading Ability

for 1 and 2 Syllable Nonsense Words

1l 8yllable 2 Syllable

Rule Use Fail Pass Fail Pass
C 9 - 13 5
v 1 2 2 1
8] 3 2 5 4]
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between classification and reading ability in the kindergarteners
data and the ability of fifth graders to make both consonant and
vowel classifications and to read). Admittedly, the small number

of second graders who used a vowel rule makes it difficult to draw

any firm conclusions.

DPiescusmsion

How aware are children of the phonemic segments of speech?
Our classification results suggest that even very vyoung children
are sensitive to these components. The experiment did,
nevertheless, reveal an increasing tendency with age (up to second

grade) to eclaseify CV syllables by identity of their initial

consonants. However, it was also found that even kindergarteners
were able to make this type of classification at a level of
per formance above chance. Furthermore, a rather substantial
ability to classify the same sounds according to vowel identity
was also svident in children in all grades and thie ability
appeared to exhibit a slight curvilinear trend - 1.e.,
classification by vowel decreased between kindergarten and second
grade and tended to rise again in the fifth graders. NHote that
classification by consonant does reguire attention to phonemic
constituents as the child must group wholistically dissimilar
sounds together (e.g., /bi/ and /ber/) and wholistically similar
sounds apart (e.g., /bi/ and /J@if). Thus, the finding that
kindergartensars are able to make consonantal classifications would
seem to indicate that these constituent phonemes do, in fact, form

a part of the young child's underlying representation of apeech
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(in contrast to Treiman and Baron's, 1980, claim) and that the

structure of this representation is to some extent accessible (in
contrast to the position taken, for example, by Gleitman and
Rozin, 1977, Liberman et al., 1977, and Rozin and Gleitman, 1977).

The answer to the question of how this sensitivity is
influenced by learning to read is less clear. This may be due, in
part, to the insensitivity of our measure of reading ability.
Nevertheless, it was the case that although very few (3/25) of the
kindergarteners could read even very simple words, they did
demonstrate a substantial ability to clasalfy the test items
according +to their constituent consonants and vowels and to
consistently use either a consonant or vowel rule. This may be
interpreted as support for the idea that these constituents, which
form a part of their representation of speech, are accessible to
some extent prior to reading. The relationship between rule use by
second graders in classification and reading performance alse does
not appear to be a strong one. Although all of the second graders
who succeeded in reading the two syllable nonsense word list were
consonant or vowel rule users, many of the children who used these
rules in classification 4id4 not succeed in the reading task. This
finding indicates that classification skills, which are assumed to
raflect access to phonemie structure can exist scomewhat
independently and (as the kindergarten data suggests) prior to
learning to read.

The dJdecrease in vowel classifications around second grade is
particularly intriguing in view of the fact that vowels, in
comparison to consonants, have relatively more invariant acoustic

representations, although in English, their orthographiec
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representations are more wvaried than those of consonants. The
second graders apparently decided, instead, to attend primarily to
consonants = a decision which probably does not reflect a change
in the underlying representation of speech (mince the
kindergartenars can make consonant classifications also), but
rather the assumption that, having just begun to learn to read,
the initial sounds of words are particularly important for lexical
access (see Cole & Jakimik, 19807 Marslen-Wilson and Welsh, 1978).
This notion and the general pattern of our results are consistent
with the hypothesis that children at all age levels are sensitive
to both consonant and vowel segments in syllables, but that the
latter, presumably because of their acouvstic properties are more
perceptually salient. Thus, it may be that the kindergarteners'
clagsifications are determined primarily by perceptual salience,
but that the second graders must learn to ignore this saliency and
selectively attend to initial conscnants in order to accomplish
one of the major tasks that they are faced with - namely, leéarning
to read. Finally, the fifth graders appear to be influenced in
their clasaifications by both the perceptual salience of the vowel
segments and the knowledge that initial segments (here,
consonants} are Iimportant, In any event, their performance in our
tasnk has the effect of making that of the Ykindergarteners appear
more sophisticated than would otherwise be judged if fifth graders
had not made vowel classlifications. Indeed, in an experiment
almost identical to the one reported here, but using synthetic
apeech, Jusczyk, Smith and Murphy (1980) found that even though
adults can make consonant clagsifications, they prefer to make

classifications on the basis of vowel information.
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Our results indicate that young children even prior to
knowing how to read are sensitive to the internal satructure of
syllables in terms of their phonemic segments. Thus, the
underlying representation of speech at this age may be the same as
that for older children. However, the sensitivity tapped in our
task is not equivalent to the explicit and conscious manipulations
regquired by the segmentation tasks used in previous studies and
this could account for the stronger relationship of the latter
task +to reading ability. Tt seems important, nevertheless, to
determine the nature and extent of the initial foundations of
segmentation abilities. The initial sensitivity which eventually
gives rise to segmentation abilities obviously places constraints
on these abilities and the existence of this sensitivity serves to
emphasize that segmentation abilities do not emerge from out of
nowhere.

Our suggestion then is that young children, like older
children, represent speech in terms of ite component segments and
that what changes in development is the accessibllity of these
segments for conscious manipulation. However, this developmental
trend may not be motivated exclusively by learning to read and
this could explain why there was no strong relationl‘hip between
clamsification and reading performance in our task. According to
Treiman and Baron, the development of phonemic perception is ene
manifestation of a mors general trend that ooCurs in
perceptual /cognitive development. However, some investigators of
perceptual development do maintain that dimensions, such as ceoleor
and form, become aseparable with age because of an inereasing

ability to accese these underlying dimensions:; i.e., the
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dimensions o©of color and form are represented as such within the
perceptual system and what develops is the ability to access and
manipulate these dimensions separately. (See, for example, Smith &
Kemler, 1978, as opposed to Shepp, 1978.) Our view of phonemic
perception {8 in accord with this account of genseral cognitive
development and in this respect it differs from the account
offered by Treiman and Baron.

In summary, we have provided evidence for the existence of
phonemic structure in the young child's internal representation of
gepeach. Dur results are, theraefore, also consistent with the
assumptions made by other ressarchers concerning the presence of
phoneme-1ike units in the speech processing mechanism f(e.qg.,
Gleitman & Roxin, 1977:; Liberman et al., 1977). However, unlikes
the position taken by these investigators, we have also shown that
even young prereaders have some access to this structure. With
respect to the causal relationship between phonemic perception and
reading, this suggests the wviability of a third view of their
relationship. Rather than phonemic perception providing the basins
for reading or wvice versa, it may be that the rudimentary
gengitivity to the component segments of speech which we observed
provides part of the initial basis for learning to read. This in
turn may support an increased abillity to overtly access and
manipulate phonemes. Phonemic segmentation abilitites and the
ability to read may, therefore, develop in a highly interactive
manner (see Brown, 1978, for a discussion of such interactions
between and the ‘increasing co-ordination of metaknowladge and

knowledge representations).
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Abstract

Several earlier studies have reported that children appear
to be unable to detect surface structure and deep structure
ambiguities in eentences before the age of twelve. Since school
age children (6 - 12 years old) routinely deploy their linguistie
knowledge in complex linguistic tasks such as reading and
writing, it seems quite likely that they should be able to detect
the presence of ambiguity in sentences. The present study was
designed +to assess the linguistic abilities of young children to
recognize sentence amblguity by means of a forced-choice plcture
pointing task. Three types of sentence ambiguity were examined:
lexical ambiguity. surface structure ambiquity and deep structure
ambiguity. Fifty-four subjects ages 3.5 to 5.6 years of age were
instructed to point to the two pictures that showed what the
machine was talking about. For each test sentence, two pictures
in the display were correct and two were not. Overall
performance in detecting both interpretations of an ambiguous
sentence was 47% correct (chance = 16.7%). Older subjects
performed better than younger subjects. These findings suggest
that earlier conclusions regarding young children's understanding
of ambiguities at these three different levels of linguistic
structure have substantially underestimated thelr linguistic
abilities. Much more attention should be directed to the
specific methodologies used in studies assessing the linguistic
competence of young children and the types of linguistic and

metalinguistic knowledge needed to perform the task.

396



Page 3

¥Young Children's Understanding of
Ambiguous Sentences

Beth G. Greene and David B. Pisoni

Every native speaker of a language has the ability te
determine the “sentencehood” of a potentially infinite number of
novel sentences; that is they can recognize the grammatical
santences of the language and diseriminate +these from the
ungrammatical sentences. Moreover, adult native speakers are
able to consciously identify and explain such linguistic
phenomeéna as paraphrase, ambiguity and semantic anomaly and thay
can make numerous other sophisticated metalinguistic judgments
about the sentences in their language. Unfortunately, current
understanding of the metalinguistic abilities of young. children
is much less extensive at the present time primarily because it
has been wvery difficult to interrogate and probe the linguistie
intuitions of young children. Moreover, young children are often
unable to consciously express introspective Jjudgments about
language that require access to their metalinguistic knowledge.
In order to gain insights into the linguistic abilities of young
children, special care must be devoted to developing appropriate
paradigme and experimental techniques to reveal the nature of

their linguistic competence.

One class of linguistie judgments that has been studied
extensively in the adult psycholinguistic literature is sentence

ambiguity (Garrett, 1970; Foss, Bever & Silver, 1968; Baver,
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Garrett & Hurtig, 1973; Mistler- Lachman, 1972). Interest in
the study of sentence ambiguity in adults derives primarily from
the assumption that recognition of dAifferent types of ambiguities
may reveal something about the order or sequence of proceasing
stages in normal sentence comprehenslon (Foss, 1970; MacKay,
1966: MacKay & Bever, 1967). Unfortunately, the results of many
of these adult studies on processing ambiguous sentences have not
always led to the same conclusions primarily because of

differences in experimental procedures and design.

Over the last decade several developmental studies of the
perception of sentence ambiguity in young children have been
roeported (Kessel, 1970; Shultz & Pilon, 1973: WwWiig, Gilbert &
Christian, 1978). Like the earlier adult studies on processing

ambiguous sentences, these studies have also yielded inconsistent

and somewhat contradictory results.

In an early study, FKessel (1970) examined ehildren's
comprehension of linguistic ambiguity uvsing a picture selection
task followed by a series of free report questions dJdesigned to
elicit additional information aboot the child's underlying
thought processes (Piagetian Ainterview). Lexical ambiguities
were correctly interpreted by most six year olds {over 50%).
Kessel stressed that this conclusion may be true only for the
"lexical ambiguities used here" (p.51). The four lexical items
used in his study were relatively easy to detect. Among the

youngest subiects, both surface and underlylng syntactic
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ambigquities were detected equally often (about 30V corrrect).
However, detection of syntactic ambiguity did not approach adult
proficiency until age 12. Kessel concluded that ALinterpretation
of these types of ambiguities requires reflecting on or thinking
about one's own comprehension, a cognitive process that marks the
transition from the concrete operational stage to the stage of

formal operations (cf. Piaget, 1967).

In several adult studies response latency data has been used
ag evidence for a hierarchy of processing stages. Lexical
ambiquity is typically detected most rapidly followed in turn by
sur face structure ambigulity; deep structure ambiguities
generally show the longest latencies (MacKay, 1966; MacKay &
Bever, 1967). Longer response latencies are interpreted as

reflecting more complex internal processing. Shulte & Pilon
{1973) suggest that the pattern of latency results (lexical <«
surface ¢ deap) may also reflect a developmental trend. In other
words, more complex psychological processes may require more time

to develop in children acquiring their language.

To examine this hypothesis, Shultz & Pilon (1973) presented
four types of linguistically ambiguous sentences to children
ranging in age from 6 to 15 years old. A free report paraphrases
task was usad followed by a picture selection (verification)
task. In addition, the child was required to restate the
gentence in his or her own words and justify his or her choice of

the pictures. Shultz & Pilon felt that "mere pointing” was not a
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sensitive enough measure of the child's understanding of the
meaningls) of the sentence. Therefore they required explicit
verbal djuastification as described above. Results of their study
indicated that detection of phonological ambiguity showed the
greatest improvemant betweean age 6 and 9. There was a ateady
linear increase with age in detecting lexical ambiguity. Deap
and surface syntactic ambiguities were virtually not detected
until age 12. Furthermore, the predicted ordering of detection
abilitiea phonological <« lexical ¢ syntactic (surface and deep)
was observed. Shultz & Pilon did not find any differences

between the two types of syntactic ambiguity.

In a more recent study, Wiig et al. (1978) presented
lexically and syntactically ambiguous sentences to kindergarten,
second grade, fourth gradae, aixth grade and college age students.
Uging a forced choice picture selection technigue, they reguired
subjectas to choose twa plctures for avery sentence. An
examinatlion of the responses for the youngest subjects
(kindergarten and second grade) who correctly chose both
interpretations of an ambiguous sentence, showad that the
lexically ambiguous sentences were correctly identified only 18%
of the time whereas the syntactically ambiguous sentences were
correctly identified 26% of the time. One explanation for the
relatively poor performance of Wilg et al's subjects may lie in
the exparimental matarials themselves. Many of their sentences

wera abstract and, even with the pictorial analogs, they appeared
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very difficult for young children to interpret (e.g.. The bill is
large (15% correct): The duck is ready to eat (5% correct)).
However, the forced-choice procedure used in this study
demonstrated that young children could detect syntactic ambiguity

at performance levels that were higher than previously reported.

Taken together, these results indicate that children do not
appear to ba able to detect sentence ambiguities until somewhere
around the age of twelve, Such experimental results were
surprising to us given the fact that young children are quite
capable of recognizing and understanding a very large number of
novel sentences in their linguistic environment. Moreover,
school age children are often called wupon routinely to deploy
their linguistic %xnowledge 4in complex linguistic tasks such as
reading and writing. While the experimental literature suggests
that c¢hildren are not capable of using their linguistic
intuitions to recognize and understand ambiguous sentences, these
findings  may simply be due to the apecific experimental
methodology employed and may not be due to basie limitations on

the lingulstie abilities of young children or their onderlying

linguistic competence.

The present study was designed to assess the linguistic
abilities of young children to recognize gentence ambiguity with
a forced-choice pointing technigue. The forced-choice procedure
provides an opportunity to make a more guantitative assessment of

the young child's linguistic intuitions without the effects of
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bias that are present in typlecal paraphrase or free report

procedures that have been used in past studies of ambiguity.

Methad

Subjects. A total of 54 children served as subjects. Tha
children attended a private cooperative nursery school in
Bloomington, Indiana. Subijects ranged in age from 3.5 to 5.6
years of age. There were 30 males and 24 females. Subjects were
divided inte three groups of 18 children each: youngest (3.5 -
4.0), middle (4.1 - 4.8), and oldest (4.9 - 5.6).

Materials. A total of elghteen test sentences was developed
using vocabulary items appropriate for this age group. Thres
types of sentence amblgulty were examined: (1} lexical
ambiguity, (2) surface structure ambiguity, and (3) deep
structure ambiguity. A sentence was considered lexically
ambiguous if A& word or sequence of words had two distinct
meanings (e.g., The man is holding a pipe). Surface structure
ambiguity invelved the possibility of two distinet groupings or
parsings of adjacent words in a sentence (e.g9., They fed her dog
biscuita). Deep structure ambigquities involved a change in the
logical relations between words but not a change in meaning of
individual worde mnor a change in the groupings of words (e.qg.,

The mayor will ask the police to stop drinking).
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The eighteen test sentences were recorded in two different
random orders on audiotape by a female talker (BGG) in a flat
monotone intonation using a high-guality microphone and tape
recorder (UUhrer 4000 Report-L). For each amblguous sentence, a
set of four colored drawings were prepared. Two of the pictures
represented the two alternate interpretations of the sentencer
the two other pictures were designed as distractors. Each
distractor picture contained appropriate visual content but the
meaning of the picture was different from the two meanings of the
sentence under test. Each drawing was mounted on a 5" X 8" (12.5
cm x 22 em) plece of cardboard and labeled appropriately on the
back to facilitate randomization during the experiment. FPor the
test sentence, "The boy broke the glasses”, the pictures showed:
{1) a boy with a pair of broken eyeglasses, (2) a boy standing in
the kitchen with broken drinking glasses on the floor at his
feet, (3) a boy drinking from a glass, and (4) a boy with a
broken lamp. The former two plcoctures were ocorrect while the

latter two woere distractors.

e N - T A T R R e, s S S S W

Insert Figure 1 about here

T T e .

Initially, a pool of eight sentences for each type of
ambiguity was evaluated. The two alternate interpretations of
each sentence and the four plctorial choices (two correct wisual

representations of the sentence and two distractor pictures) were
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Figure 1
Example of placement of drawings on display board

"The boy broke the glasses"™.

for the mentence
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evaluated by two Iindependent raters. Both raters, graduate
students in linguistics, assessed the content of the sentences in
relation to the meaning expected and the drawings wuosed +o
represent tha sentences. Suggested modifications of the drawings
were made and raters asked to reevaluate. Any remaining

differences of opinion were resolved by mutual agreement. The
best six sentences of sach of the three types of ambiguity formed

the eighteen esxperimental sentences used in this study.

Procedure. Each child met with the experimenter (BGG) alone

in a large quiet classroom at the nursery school. Both were
seated on the floor with a 36" X 36" (91.5 em x 21.5 om} display
board between them and a high quality tape recorder (Uhrer 4000).
Specific inetructions to the children were as follows:
We're going to play a game. I am going toe show
you some pictures. This machine la golng to say some
thingas to you. I want you to listen to what it says.
Then 1 want you to show me the pictures it is talking
about. I want you to show me two pictures every time.
The machine will be talking about two pictures. Are

you ready? Here are the pictures. Now listen to the
machine. Ready? Listen.

Sentences were then presented one at a time wvia tape
recorder and its internal loudspeaker. Each sentence was
repeated twice. Prior to the test phase of the experiment, six
practice trials were conducted. Four pictures were placed on the
display board. Then the tape recorder was turned on and the word

"ball” was presented twice. The child was told “"Point to the two
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pictures...” Three individuval words and three simple unambiquous
sentences were presented as test items. EBach child was prompted
if needed to insure that he/she fully comprehended the
experimantal taske in the practice session which included
listening to a stimulus, responding with a pointing response and
then pointing to two plotures on every test trial. Each set of
four plectures was arranged in a different random order on the
display board for each subject prior to the presentation of each
test sentence. If the child made only one pointing response, the
experimenter gave the prompt, “Show me the two pictures the
machine is talking about." Each subject's first and psecond
response was recorded by letter/location on prepared response
sheets. The experimental session lasted about 15-20 minutes. No
time constraints were Iimposed nor was the child pressured to
continue or complete the task. Three children had to be
eliminated from the study after the six practice trials because
they could not or would not perform the required picture pointing
task. Two additional childrem who simply stopped performing the
task during the course of the experiment were also eliminated
from the study. Testing sessions took place over a period of two

woeks .

Results. Performance in the forced-cholce task was analyzed
in two ways. First, we summarized the data on all trials in
which subjects gave two correct responses to each test sentence.

Bummed over all ages and all test sentences, performance for two
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correct responses was .47, a value that is significantly above
chance expectation (Z=15.37, p<.0001)., With four alternatives
taken two at a time, there are six possible pairwise arrangements
of which only one is correct for a chance probability of 1/6 or
«167. When the two correct responses were subseguently broken
down by experimental conditions and analyzed by an analysis of
variance, we found a significant age effect (F (2,51)= 5.76,
p<.01). Older subjects performed better than younger subjects.
However, theres were no other ovaerall statistically significant
differences between the three types of ambiguities nor was there
a significant interaction between age and ambiguity type for the

measure involving two correct responses.

In the second analysis, we examined trials on which only the
first reaponse was correct; that is, responses indicating that
the child perceived only one interpretation for each test
sentence. An analysis of variance on these firast correct data
showed a main effect for age (F (2,51)= 2.83, p<.05). 1In this
case, however, the younger children showed more first correct
responge than the older children. This apparent reversal is due
entirely to the greater number of two correct responses observed
for the older group of subjects. The main effect for ambiguity
type and its interaction with age were also not significant in

this analysis.
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= - - . .

Insert Table 1 about heare

e - e e R W T R N T -

The eighteen sentences used in this study are shown in Table

1 along with the percentage of subjects who selected both correct

pictures for each test sentence. It can be seen from Table 1
that two of the experimental sentences were responded to quite
differently from the remaining eighteen sentences. The sentence,
“They gave Mother the flower(flour)", elicited very few both
COrrect responses. On the other hand, almost all subiects
selected two correct responses for the sentence, "They are
visiting firemen." One straightforward reason for these two
anomolies lies in the set of drawings we used to represent the
sentences. In the case of “flower-flour”, the drawing
representing the "flour" interpretation may not have been
undarstood by the children since it was rarely selected. For the
sentence, "They are vigiting firemen", neither distractor picture
portrayed firemen so very few children selected the distractors.
The distractor pictures showed children with clowns and with
baseball players and therefore could be discriminated quite

easily from the two correct pictures.

Ciscusaion

In the early studies of detection of linguistic ambiguity by

young children investigators focused on uncovering the parameters
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Table 1

Percentage of Subjects Who Selected Both Correct Pictures
for Each Sentence

SENTENCE PERCENTAGE
Lexical
The book was read(red). a7
They gave Mother the flower(flour). 11
Bill is drawing his gun. 31
John paints a housa. 69
The boy broke the glasses. 57
The man is holding a pipe. 57

Surface Structure

He fed her dog biscuits. 43
The man saw the big boy and girl. a7
There is a hot dog. 3%
Rig cats and dogs chase birds. S6
He told her baby stories. 48
The boy saw the tree in the yard, 57

Underlying Structure

Pather chased the boy in his pajamas. 46
The boy hit the girl with the books. 33
The boy chased the girl on the bicycle. 41
They are visiting firemen. 93
They are flying planes. 46
The lady is washing. 52
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of linguistic competence and performance. These studies were
based on previous findings obtained with adult subjects (Kessel,
1970; Shulte & Pilon, 1973: Wiig et al., 1977), The study
carried out by Kessel in 1970 (s frequently cited in the
literature as the first investigation of young children's
understanding of linguistic ambiguity. Subseguent investigations
of ambiguity have been undertaken to explain or elaborate oan
Kessel's results or to provide some theoretically based
hypotheses that can be tested with children at various points in
the language acquisition processa. Since we reviewed these early
results in the introduction, we will simply summarize the major
conclusion of these studies here, namely, that young children do
not appear to be able to detect syntactic ambiguities until the
age of twalva. The youngest subjects that were able to detect
lexical ambigulty with any degree of confidence appear to be
about age six. The results of the present study demonstrate
clearly that children between three and six can and do detect
both types of ambiguities well above chance expectation and well
above levels previously reported. The reasons for  these
relatively high levels of performance in this stody will be
discussed helow since we believe them to be methodological in
nature. However, there are several other important issues that
need to be considered in research dealing with the comprehension

of ambiguity by young children.
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Several more recent studies have examined linguistic
ambiguity in a different manner (Evans, 1977: Hirsh-Pasek,
Gleitman & Gleitman, 1978; Hakea, 1980). Unlike the earlier
studies cited above which focused on ambiguity aimply as a class
of sentences to be studied, these more recent investigations
examined ambiguity within the framework of the child's developing
metalinguistic abilities. That Ls., ambiguous sounds, words and
sentances have been studied recently because these types of
linguistic materials may reveal information about how the child
comes +t0 galn conscious access to his/her Xnowledge of the
language in tasks requiring more than saimple forced-choice

responsen.

In a study of children's understanding of sentence
ambiguity, Evans (1977) proposed that understanding sentence
ambiguity is one of a number of cognitive, verbal and perceptual
changea that occur between ages six and eight. This particular
point in development corresponds to Piaget's transition from the
preoperational to the concretes operational stage of cognitive
development. The ability to understand riddles is ona of these
changes. FPreoperational children do not "get the joke®™ in verbal
riddles that rely on ambiguity while concrete operational

childran do. For example, Evans notes that the riddle,

Question: What has 18 legs and catches fliea?

Answer: A baseball team.
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reliea on the lexically ambigquous word flies. Since the listener
is led to interpret the word flies as meaning "insects”, the
riddle becomes funny because the meaning of flies must be shifted

to "batted balls" to get the joke (Evans, 1977).

Hirsh-Pasek, Gleitman and Gleitman (1978) also examined
children's detection and conscious report of ambiguity. In this
setudy, wverbal riddles and Jokes served as the experimental
materials to examine understanding of various types of ambiguity
in children from grade one through grade six. Their results
indicated that the ability to detect ambiguity emerges much
earlier than the ability to explain the ambiguity din explicit
terms . The youngest children, between six and seven years of
age, were unable to provide adeguate verbal responses for most
types of ambiguity while the oldest group, between ten and sleven
years of age, performed adequately. While these findings are not
surprising nor are they different from earlier results,
Hirsh-Pasek et al. attribute the developmental changes to growth
in metalinguistic abilities rather than linguistic ability. That
is, the child shows both competence and performance for a
particular linguistic structure yet is unable to consciously

axplain the basis of the ambiguities.

A more recent series of studies carried out by Hakes and his
calleagues (Hakes, 1980) further explorea the development of
metalinguistic ability in children. These studies focused on the

periocd of middle childhood. Hakes views this time as one of
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transition where there is an emergence of general metalinguistic
ability (p. 100). Children ranging in age from four to eight
Years of acga per formead tasks involving conservation,
comprehension, synonymy, acceptability, and phonemic
segmentation. As expected, developmental differences were found
between the younger children and older children and the division
seemed to be ordered along the preoperational- concrete
operational dimension. Examination of the interrelationships
among the wvarious task results were interpreted as support for
the notion that there is a waingle, underlying developmental
change that results in the emergence of general metalinguistic
abilities. Furthermore, these ohanges appear to correspond to

the major shift observed in the level of cognitive devalopment.

Taken together the recent studies by Evans, Hirsh-Pasek et
al., and Hakes reveal that young children have a substantial
capacity to use metalinguistic knowledge. Children acguire
language over a period of several years and throughout the time
course of development many related cognitive and perceptual
abilities develop as well. It is of interest and importance
particularly in terms of assessing linquistic competence in young
children to recognize that metalinguistic abilities also follow a
developmental time course. Such abilities may therefore interact
with the particular types of experimental tasks and procedures
used to assess the child's linguistic abilities. 'Thus, it is not

surprising to us that the earlier results and conclusions about
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young c¢hildren's understanding of ambiguity were so inconsistent
with esach other. Moreover, the differences in experimental
materials and specific taske across studies also contributed ¢to

fajilure to find clear cut agreement among investigators.

Another aspect of children's understanding of ambiguous
sentencea that must be addressed is the methodology used in
studies of this kind, As mentioned above, the earlier studies
used a variety of procedures as well as a variety of stimulus
materials (see Evans, 1977, for a detailed summary of these
procedures as well as a critical evaluation). Initially, the
present study was undertaken to eliminate the response bilases
present Iin unstructured free report technigues. Young children
had been shown to be unable to detect more than ana
interpretation of an ambiguous sentence (Kessel, 1970:; Shultz &
Pilon, 1973; Wiig et al., 1977). Even the recent studies of
Brause (1977), Evans (1977), Hirsh-Pasek et al. (1978), and
Hakes (1980} report that children age six and seven are generally
unable to detect linguistic ambiguity. The procedure we used was
a forced-choice pointing response that required that the child
make two responses on every trial. It is important to emphasixe
here that the present study was carried out with children who
were much younger than most of the children studied in esarlier
inveatigations. With the exception of Hakes (1980) the saubjects
in all of the earlier studies of ambiguity were of kindergarten

age and above., Our results indicate that very young children are
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able to detect linguistie ambigulty when placed in a
forced-choice situation. The children were provided with an
experimental task that 1limited the response possibilities and
therefore reduced the uncertainty and complexity of the problam
toc be asolved. Since the children were given very explicit
instructions and some practice with the task, they were guite
willing and able to respond +to more than one picture on each
trial. In other words, the task demands were well within their
perceptual and cognitive abilities. Thus, given these
considerations, it is not surprising that our results were
considerably bhetter than previous reports and considerably above

chance sxpectation in a task such as this.

The nature of the experimental materials employed in studies
of thie type must also be considered. As noted earlier, the
first studies of detection of linguistic ambiguity were modeled
after studies conducted with adult subjects. The experimental
materials used in the developmental studies were derived from
those used with the adult subjects, often with little regard to
the lexical knowledge of the children. Therefore, it is not very
surprising to find that vyoung children were unable to detect
linguistic ambiguity. When the experimental materials were
seleacted to be more appropriate for testing children, the leavel
of performance improved (Evans, 1977; Hirsh-Pasek et al., 1978B).
Thus, performance on the task interacts with the kind of

knowledge the child needs to use to perform the task. This
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knowledge can be linguistic or metalinguistic.

There can be no guestion that metalinguistic knowledge plays
an ilmportant role in young children's understanding of linguistie
ambiguity, particolarly in tasks that reguire explicit and
conscious explanation of the ambiguity under consderation. A
child who is at a certain level of cognitive development, 1i.e.,
precperational, cannot be expected to succeed in a task that
requires cognitive abjilities that have not yet developed. Thus,
young children age six and under can detect linguistic
ambiguities but they are not vet able to provide explicit
descriptions of their reasons for choosing one response over
another. Therafore they do poorly in frea report and
interrogation tasks which demand such abilities and they fail to
understand jokes and riddles that rely on ambiguity. When the
task requirements limited them to only detecting the ambiguity
using the forced-choice pointing response, the level of
performance increased dramatically. After the child has made the
transition from preoperational to concrete operational, improved
performance in free report tasks can be expected because the
child has the necessary cognitive abilities to explain why the
sentence is ambiguous or why the joke is funny. That is, the
child can dissociate himself from control of language and
conaider it as a formal object of study. Detecting the ambiguity
relies on tacit knowledge of the language much like the knowledge

ptilized in speaking and listening, something young children do
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with relative ease. On the other hand, explaining ambiguity
relies on a more controlled, explicit and conscious process, a
proceas that relles heavily on metallnguistic ability (see
Hirsh-Patek et al.). Thus, as metalinguistic ability develops
the ability to explain ambiguity improves. And at some polint,
children reach the stage in development of metalinguistic ability
that allows them to reflect on the structure of language and how
it 1is used. That is, they need ¢to gain control over these
strategies and essentially be able to step back from a situation

and think about it (Hakes, 1980).

In the specific case of understanding ambiguity., the child
must be able to switch from one interpretation of an ambiguous
sentence to the other in order to fully appreciate the different
meanings involved. Younger children appear to be unable to do
this and therefora cannot explain their own responses when asked
to 4in free report or interview tasks of the kind used in earlier
studies of ambiguity. As metalinguistic abilities develop, the
capacity to switch from one meaning to another alsoc develops and
the child is able to both detect the ambiguity and explain it in

explicit terms to the experimenter.

Bummary

In summary, the main results of this study demonstrate quite
clearly that wvery young children between the ages of three and

#ix years are capable of understanding ambiguous sentences at
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levels well above chance expectation when provided with
appropriate alternative responses 1in a forced-cholice testing
situation. The results of this study indicate that very young
children of this age have quite sophisticated linguistic
abilities which enable them to detect ambiguities in sentences at
three distinct levels of analysis. Our findings suggest that
young children's linguistic abilities have been substantially
underestimated by previous reports in the developmental
literature primarily Dbecause of a failure to recognize the
differences between linguistic and metalinguistic abilities

involved in carrying out the required experimental tasks.
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Perception of the duration of rapid spectrum changes:
Evidence for context effects with speech and nonspeech signals*

T. D, Carrell, D. B. Pisoni and S. J. Gans

Department of Psychology
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Bloomington, Indiana 47405

Abstract

For a number of years investigators have focused attention on
the effects one acoustic segment has on the perception of other
acoustic segments. In one recent study, Miller and Liberman
[Percept. & Psychophy. 25 (6), 457-465 (1979)] reported that
overall syllable duration influences the location of the labeling
poundary between the stop [b)] and the semivowel [w]. They claim

that this ‘“context effect" reflects a form  of perceptual
normalization whereby the listener somehow readjusts his
perceptual apparatus to takxe account of the differences in rate of
articulation of the talker. More recently, Eimas and Miller
[Science, 209  (5), 1140-1141 {(1980) ] have reported that
prelinguistic infants also show similar context effects in

discrimination of these stimuli. The inference to be drawn from
the latter study is that infants perceive these speech sounds like
adults and that such context effects reflect the operation of
perceptual mechanisms that underlie a phonetic-like mode of
processing specific to speech signals. In the present paper, we
report the results of several critical comparisons between speech
and nonspeech signals. We observed comparable context effects for
perception of the duration of rapid spectrum changes as a function
cf overall duration of the stimulus. Our results with these
nonspeech control signals therefore falsify both of the earlier
claims by demonstrating clearly that context effects of the Xkind
described by Miller and Liberman are not peculiar tc the
perception of speech signals or to normalization of speaking rate
by the 1listener. Rather, such context effects may simply reflect
general psychoprhysical principles that 1influence the perceptual

categorization and discrimination of all acoustic signals whether
speech or nonspeech.

*This 1is a draft of a paper to be presented at the 100th
meeting of the Accustical Society of America, November 19, 1980,
Los Angeles, California. The research reported here was supported
in part by NIMH research grant MH-24027 to Indiana University. We
thank Paul Tuce for his assistance in running subjects and Tom
Jonas for his help in programming.
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For many years investigators have been interested in how one

phonetic segment affects the perception of adjacent segments in

the speech signal. This form of "context conditioned variability"
haé been of major theoretical interest in the past and, despite
some thirty years of research, it still continues to occupy the
attention of many researchers even today. While some formal
attempts have been made to deal with this problem by offering
theoretical accounts of speech perception framed in terms of motor
theories, analysis-by-synthesis or feature detector models of
recognition, there is still no satisfactory solution to the
problem of how listeners compensate for the extensive
context-conditioned variability observed in the speech signal.
These various forms of variability arise from several sources
including: the effects of the immediately surrounding phonetic
context, differences in speaking rate, differences in talkers and
the variability of segmental durations that is conditioned by the
syntactic and semantic structure of sentences. Indeed, this
particular problem has been so elusive that some investigators
such as Klatt have proposed to solve it by completely denying that
the problem exists at all. Instead, Klatt has proposed a set of
context-sensitive spectral templates that directly encode the
acoustic—-phonetic variability of phonemes 1in different phonetic
environments. Words are recognized directly from seguences of
these spectral templates without an intermediate level

corresponding to a phonetic or phonemic representation.
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In this paper we are interested in the following question: To
what extent is the observed perceptual compensation carried out by
perceptual mechanisms that are specific to the ©processing of
speech signals? We Dbecame interested in this problem after a
report by Miller and Liberman (1979) who found that the perceptual
poundary Dbetween [1B] and [w] was influenced by the nature of the
context i1mmediately following the critical acoustic cues to the
stop vs. semi-vowel distinction ~-- namely the duration of the
formant transitions at stimulus onset. They reported that the
duration of the vowel in a CV syllable systematically influences
the perception of the formant transition cues. With short
syllables, subjects regquired shorter transition durations to
perceive a [w] than with longer syllables. Miller and Liberman
presented these results as a demonstration of perceptual
normalization for speaking rate -~ listeners adjust their decision
criteria to compensate for the differences in vowel length that
are conditioned by the talker's speaking rate. It is well known,
for example, that vowels become much shorter when speaking rate
increases. Thus, according to Miller and Liberman's account, the
listener interprets a particular set of acoustic cues, say for a
[p] or a [w], in relation to the talkers speaking rate rather than
by reference to some absolute set of context invariant acoustic
attributes in the stimulus itself. In their study, the location of
the boundary for a syllable-initial [b-w] contrast was determined
by the duration of the syllable containing the target phoneme.

The particular claims surrounding perceptual compensation or

adjustment for speaking rate have taken on even more significance

~ith the very recent report in Science by Eimas and Miller (1980).
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They found that young prelinguistic infants also perceive these

same [b-w] stimuli in a "relational manner" that is similar to the

earlier data obtained with adult listeners by Miller and Liberman.

Moreover, these results, like the ones obtalned with adults, were

interpreted as support for +the argument that speech 1is not

processed in a strictly left-to-right linear fashion one phoneme

at a time. Rather, phonetic perception requires the integration of

numerous widely distributed acoustic cues. As Miller and Liberman

(1979) have put it:

"The duration and structure of the syllable provide

information about rate, and the listener wuses this
information when making a phonetic Jjudgement of [b] and
Ew} . 1"

We wanted to know to what extent these two sets of findings
were a consequence of perceptual mechanisms that are specific to
processing speech signals. That is, are these findings with adults
and infants a result of phonetic categorization per se or are they
due to more general factors related to auditory perception of both
speecn and nonspeech signals? In order to answer this guestion, we
generated several sets of nonspeech control stimuli. These stimuli
preserved all of the durational cues contained 1in the speech
stimull but, nevertheless, they did not sound like speech. We also
generated several sets of synthetic speech stimuli which were
modelled after the specifications provided by Miller and Liberman
to see if we could replicate their earlier findings with adults.
Experiments using Dboth speech and nonspeech signals are now
underway in our laboratory using young infants as well, although

i+ will not report on these findings here today.
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S5lide 1 shows schematic¢ representations of the formant
motions of the endpeoint stimuli we used. In the top panel two sets
of stimuli are shown, long CVs and short CVs. The stimuli in each
set contalned identical formant transitions and differed only 1in
the overall duration ©f the syllable. The stimull were based on
the values provided in Miller and Liberman's report. The long CV
stimuli were 295 msec in duration; the short stimuli were 80 msec.
We also generated several other sets of CVC stimuli which
contained formant transitions appropriate for a /d/ in
syllable~final position. These stimuli are shown 1in the bottom
panel of this figure.

We then synthesized four sets of speech stimuli
corresponding, in turn, to each of the four cells in the figure.
For each set there were eleven test stimuli in which the duration
of the formant transitions was varied from 15 msec to 65 msec in 5
msec steps. We also generated four additiconal sets of nonspeech
stimuli by digitally manipulating three sinusoids to follow the
same durations and formant trajectories ©f the speech patterns

shown in this figure.

Slide 2 shows the results of a replication of the Miller and
Liberman findings that the o¢verall duration of the syllable

{fects +the 1locus of the Dboundary for the [b~w] contrast. The
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results for the CV stimull are shown in the left panel, the
results for the CVC stimuli are shown in the right panel. In both
cases, the boundary for the short stimuli in each set 1s displaced
toward the left relative to the corresponding long stimuli. These
findings are highly significant and very consistent across the

same group of thirteen subijects who showed the effect in both CV

and CVC conditions.

Slide 3 shows another set of data collected with the same
speech stimuli but now with separate groups of subjects in each
cendition. Panels A and B replicate the findings we saw 1in the
previocus slide., That is, a consistent shift can be observed in the
[b-w] labelling boundary as a function of syllable duration.

Panel C in this figure also displays the results for
cross-series comparisons between CV and CVC syllables, of egual
duration. Miller and Liberman reported that the context effects
are not only due to the duration of the syllable but also to the
internal structure of the syllable. When Miller and Liberman added
formant transitions to their CV syllables, the perceptual boundary
shifted in the direction opposite to that observed when the
steady-state porticn of the vowel was lengthened in a CV syllable.
We also replicated this same effect in Panel C of this figure
although the result is somewhat weaker than the main effects shown
in panels A and B.

Having replicated the basic effect reported by Miller and

I iherman with speech stimulili, we turned our attention to the
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nonspeech control stimuli. In this experiment we first trained our

subjects rto 1identify the endpoint nonspeech stimuli as beginning

with either an “abrupt onset" or a “gradual onset” using a
disjunctive conditioning procedure. After training on the
endpoints was completed, subjects who met a predetermined

criterion of 90 percent were asked to return to the lab for
generalization testing. In this phase, all eleven test stimuli in

a given serlies were presented in a random order for

identification.

The labelling results for the nonspeech control stimuli are
shown in Slide 4. Panel A on the left shows the CV stimuli, Panel
B in the middle shows the CVC stimuli and Panel C shows the
cross-series comparisons between CVs and CVCs. In Panels A and B
there 1s a very substantial shift in the Jlabelling boundary for
"aprupt“ and ‘“gradual" onsets as the duration of the overall
stimulus is decreased from 295 msec to 80 msec. The effects were
statistically reliable and very consistent over subjects. Thus,
these two sets of data show comparable context effects for the
perception of the duration of a rapid spectrum change at the onset
of nonspeech control stimull.

The results shown in Panel C, on the right of this figure,
also replicate the effects reported by Miller and ULiberman for
stimuli containing formant transitions in syllable-final position.
In this case, the boundary for the CVC nonspeech condition 1is

nifted to the 1left away from the CV stimulil as if they were
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perceived as having a shorter overall stimulus duration. This 1is
true despite the fact that Dboth series were of equal physical
duration.

Taken together, all three nonspeech stimulus conditions
replicate the context effects obtained by Miller and Liberman with
speech stimuli. These nonspeech stimuli were designed to model, as
closely as possible, the four sets of speech stimuli that differeqd
in the <cues for the [b-w] distinction. As we showed in the
previous two experiments with speech stimuli, the major effects of
syllable duration could be replicated quite easily with stimuli
that differed 1in the duration of formant transitions. More
importantly, however, the present results also demonstrate that
comparable context effects can also be obtained with nonspeech
stimull as well.

We believe that our findings with nonspeech stimuli undermine
the earlier conclusions of Miller and Liberman that such context
effects reflect a form of "perceptual compensation" that is due to
the specification of articulatory rate by overall syllable
duration. It seems very unlikely that listeners in our nonspeech
control conditions carried out an appropriate "“adjustment" for
changes 1n articulatory rate since these stimuli were not
perceived as speech signals at all in our experiments. Moreover,
the present findings demonstrate rather clearly that the
perceptual categorization of stimulus onsets as either "abrupt" or
“gradual" is also influenced by later occurring events in the
stimulus confiquration and that nonspeech signals may also be
processed in a ‘“relational® and nonlinear fashion, that is, in a

:nner that is comparable to the perception of speech signals.
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Finally, these results seriously guestion the implications that
Eimas and Miller have tried to draw from their recent study with
young infants which demonstrated comparable context effects for
discrimination of the duration of formant transitions for the
[b~w] distinction. While 2-4 month olad infants may show
context-conditioned sensitivity in discriminating differences in
formant transition duration, it seems very unlikely to us thét
these context effects reflect the operation of perceptual
mechanisms that are involved in the phonetic coding of speech
signals o©r the interpretation of speech signals as linguistic
entities such as phonemes, pheonetic segments or distinctive
features. As in the case of the percepticon of voice onset time, we
suspect that infants are responding to the basic psychophysical or
sensory properties of these acoustic signals without reference to
their linguistic significance. The results of our infant
experiments currently underway should provide further data on this
important issue.

Tn summary, we have carried out several critical comparisons
between speech and comparable nonspeech c¢ontrol signals that
differed in terms of the duration of a rapid spectrum change at
stimulus onset, an acoustic c¢ue that has bkeen shown to Dbe
sufficient to distinguish between the stop [b] and the semi-vowel
[w]. Our findings with speech stimuli replicated the earlier
context effects reported by Miller and Liberman. Overall syllable
duration clearly affects the location of the {b-w] boundary.
However, we alsc found similar effects for the perception of
nonspeech stimuli. We interpret these new results as evidence that

ntext effects are not peculiar to perception of speech signals
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or to the listener's perceptual normalization or adjustment to
articulatory rate. Our findings therefore call into guestion the
major conclusions of Miller and Liberman that listeners somehow
monitor or extract estimates of the talker's articulatory rate and
then subsequently carry out operations which adjust their
perceptual criteria for interpreting a particular set of acoustic
cues as a specific phonetic segment.

Our findings with nonspeech stimuli also raise serious
questions concerning the recent interpretations of infant data
made by Eimas and Miller. They have argued that the presence of
similar context effects in discrimination of [b-w] contrasts
implies that infants are perceiving speech signals 1in a
“relational manner" like the mature adult listener. We Dbelieve
that such conclusions are also unwarranted given the results of
the present study demonstrating comparable context effects for

nonspeech stimuli.
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[RESEARCH ON SPEECH PERCEPTION Progress Report No. 6 (1979-80) Indiana University]

Infants' Discrimination of Cues
to Place of Articulation in Stop Consonants*

R. N. Aslin and A. C. Walley

Department of Psychology
Indiana University
Bloomington, IN 47405

Abstract

Stevens and Blumstein (1978; 1980) have proposed that the
shape of the onset spectrum provides contextually invariant
information about place of stop consonant articulation for CV
syllables and that sensitivity to properties of the onset spectrum
underlies the infant's ability to discriminate place differences.
According to this view, contextually variable formant transitions
constitute only secondary, learned cues to place of articulation.
Prelinguistic infants are, therefore, assumed to be incapable of
discriminating place differences 1in two-formant stimuli which
supposedly lack invarjant spectral attributes. Our analysis
revealed, however, that the two-formant Jlabial and velar CV
stimuli constructed for the present study were spectrally similar
to their full-formant counterparts at stimulus onset. Therefore,
if spectral shape does provide cues to place of articulation,
infants would actually be expected to discriminate these stimuli.
An operant head-turning paradigm was employed to test this
hypothesis with 6-9 month o0ld infants. The results indicated that
infants can discriminate two-formant stimuli -- a finding which
renders the distinction between primary vs. secondary cues
invalid. Moreover, because several infants discriminated the
two~-formant alveolar and velar stimuli, whose onset spectra are
very similar, it is probably not the gross shape of the spectrum
at stimulus onset which mediates infants' discrimination of place
of articulation differences in stop consonants.

*A version of this paper was presented at the 100th meeting
of the Acoustical Society o0f BAmerica, November 18, 1980, Los
Angeles, California. The research reported here was supported in
part Dby research grants from NICHHD (HD-11915-03) and NIMH
(MH-24027--06) and by a doctoral fellowship awarded to ACW by the
Social Sciences and Humanities Research Council of Canada. We
would like to thank Diane Kewley-Port for her help in stimulus

construction and Kathy Mitchell and Martha-Lyn Wayne for their
assistance in data collection.
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A major problem in the study of speech perception is to
provide an account of the constancy of the phonetic percept given
the apparent lack of acoustic-phonetic invariances in the speech
waveform. This noncorrespondence has been particularly evident 1in
spectrographic analyses of stop consonants (e.g., Liberman,
Cooper, Shankweiler and Studdert-Kennedy, 1967). This problem is,
however, viewed Dby one class of speech perception theories (see,
for example, Cole and Scott, 1974. Fant, 1960 Stevens and
Blumstein, 1978; 1980) as the result of a failure to achieve an
appropriate psychological description of the speech signal, rather
than an inherent characteristic of the speech signal that requires
the assumption that active, high-level perceptual mechanisms act
to interprete it appropriately (e.g., Chomsky and Halle, 1968;
Liberman et al., 1967; Stevens and House, 1972). In fact, recent
attempts to model the initial stages of speech processing, which
use new digital methods of speech analysis, have met with some
success in identifying acoustic-phonetic invariances (e.g.,
Blumstein and Stevens, 1979: 1980: Kewley-Port, 198R0; Searle,
Jacobson and Rayment, 1979; Stevens and Blumstein, 1978).

Stevens and Blumstein (1978: 1980) have, for example,
maintained that a specific form of linear predictive coding (LPC)
of CV syllables, which 1is performed at stimulus onset and
integrates energy over the first 25.6 msec. of the syllable,
provides a distinctive and contextually invariant description of
different places of stop consonant articulation. Moreover, they
have suggested that a similar analysis may also Dbe adequate for

characterizing place of articulation for stops in VC syllables and
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for syllable-initial nasals (Blumstein and Stevens, 1979).
Specifically, the context-independent properties of the onset
spectrum proposed by Stevens and Blumstein include the relative
location and diffuseness of spectral energy. These properties were
derived from theoretical considerations from the acoustic theory
of speech production (Fant, 1960) and from an empirical
examination of many natural stop productions. As can be seen in

Figure 1, which contains theoretical spectra for the voiced stop

consonants /b/, /da/ and /g/, labials may be characterized by a
diffuse flat or falling spectrum, alveolars by a diffuse rising
one, and velars by a prominent mid-frequency spectral peak. These
global properties of the onset spectrum are determined primarily
by the initial portions of the formant transitions and are
enhanced by the presence of the burst which follows consonantal
release in stop CV syllables.

According to Stevens and Blumstein, it 1s sensitivity to
these global properties which allows listeners to differentially
identify place of articulation for stop CV syllables in the face
of the contextual wvariability inherent in formant transition
information. Moreover, it is claimed that the peripheral auditory
system is innately endowed with feature detectors which are
sensitive to the acoustic correlates of the onset spectrum.
Listeners do not, so Stevens and Blumstein maintain, typically use
formant transition information (e.g., formant starting frequencies

and formant trajectories) to identify place of articulation. Such
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information is context-dependent (e.g., the second formant falls
in /da/, but rises in /di/) and constitutes only a secondary cue
to place of artjculation. This secondary cue can be used by adults
in the absence or distortion of the primary, context-independent
properties of the onset spectrum (but see Walley and Carrell,
1980). This ability is one which is, according to Stevens and
Blumstein, acquired in development by virtue of the co-occurrence
of the primary and secondary cues. Thus, the properties of the
onset spectrum are claimed to be primary for the perception of
place of articulation in the sense that: i) for the adult, they

constitute the normal or preferred basis for perception and 1i1i)

developmentally, they are wused prior to formant transition
information and sensitivity to these properties 1is, in fact,
innate.

Such sensitivity may, Stevens and Blumstein suggest, account

for the ability of prelinguistic infants to discriminate synthetic
three-formant and three-formant + Dburst stimuli with dJdifferent
places of articulation (e.g., Bush and Williams, 1978: Leavitt,
Brown, Morse and Graham, 1976; Miller and Morse, 1975%; Moffitt,
1971: Morse, 1972). Presumably, the onset spectra of the stimuli
employed in these studies had the primary, c¢ontext-independent
properties proposed by Stevens and Blumstein. If the results of
these studies of infants' discrimination of place of articulation
are to be explained in this way, then an additional developmental
claim follows from Stevens and Blumstein's theory: infants, who
cannot yet have Jlearned the co-occurrrences of the primary,
context~ independent properties of +the onset spectrum and the

secondary, context-~ dependent cues provided by formant
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transitions, should not be able to discriminate stimuli in which
place of articulation differences are represented only by the
secondary, formant transition cues. More specifically, infants
should be unable to discriminate place of articulation differences
in two-formant stimuli, which, according to Stevens and Blumstein,
lack distinctive, contextually invariant onset spectra.

In order to investigate this prediction of Stevens and
Blumstein's theory, we synthesized two sets of three CV syllables
corresponding to /ba/, /da/ and /ga/. The spectro-temporal

specifications of these stimuli are shown in Figure 2. The "full

cue set of stimuli contained bursts and formant transitions and

were modelled very closely after the best exemplars of each place
of articulation category from Stevens and RBlumstein's (197R)
transition+burst /ba-da-ga/ continuum with a modified version of
the Klatt (1980) synthesizer (see Kewley-Port, 1978). The "partial
cue” or two-formant set of stimuli contained only formant
transition cues (i.e., no bursts and no higher formants) and were
modelled, in turn, after the parameters of the first two formants

of the full cue stimuli.

Figure 3 shows the onset spectra of the full and partial cue

stimuli. These onset spectra were obtained using an LPC analysis

very similar to that used by Stevens and Blumstein. Fach of the
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full cue stimuli (shown in +the top of the figure) fits the
appropriate Stevens and Blumstein place of articulation template,
and is rejected by the other two templates (for a dJdescription of
these templates, see Blumstein and Stevens, 1979). The partial cue
or two-formant /da/ and /ga/ both fit the velar template and are
rejected by the others. The two- formant /ba/ fits the labial
template and 1is rejected by the other two. The results of this
inspection of the onset spectra for the two- formant stimuli would
seem, therefore, to motivate a revision 1in the prediction of
Stevens and Blumstein's theory. That is, if sensitivity to the
properties of the onset spectrum mediates place of articulation
discrimination, then infants might afterall Dbe expected to
discriminate the partial cue or two-formant contrasts /ba vs. da/
and /ba vs. ga/, but not the contrast /da vs. ga/, since the onset
spectra of these latter two stimuli are almost identical.
Sixty-nine infants, ranging in age from 5.5 to 8 months, were
assigned to 1 of 3 full and partial cue contrasts and their
discrimination of +these contrasts assessed using an operant

head-turning procedure. Figure 4 shows the experimental apparatus

used for this procedure. Inside a sound-attenuated IAC booth, an
assistant attracts the gaze of the infant seated on the parent's
lap. A repeating background stimulus (one member of the contrast
being tested) is presented to the infant from a loudspeaker, while
the assistant and parent listen to masking music over headphones.

In an initial shaping phase which is controlled by an experimenter
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Figure 4. The experimnental apparatus used in the operaxit head-turning
procedure.




outside of the Dbooth, the infant is trained to make a 90 degree
head-turn in anticipation of a visual stimulus (a mechanical toy)
which serves as a reinforcer whenever a change in the speech
stimulus occurs (i.e., 3 repetitions of the target stimulus or
other member of the contrast being tested). The target stimulus is
initially 10 dB above the Dbackground stimulus to facilitate
shaping o©f the head-turn response. This difference i1s attenuated
in 5 dB steps until a O dB difference is reached. Tn testing, the
experimenter initiates +trials (which consist of a <change or
no-change in the speech stimulus) and records any head-turns
within the 4 second +trial interval. During this phase, the
experimenter is unaware of the particular stimulus conditions and

reinforcement conditions which are controlled by a computer. A

head-turn response on a change-trial (i.e., an experimental trial)
constitutes a correct response, a head-turn response on a
no-change trial (i.e., a control trial) constitutes an incorrect
response.

Infants were required to achieve 80 % correct responding on a
minimum of five change and five no-change trials in a row {(p<.0S5,
by the binomial expansion test) in order to be considered as

having met discrimination criterion. As shown in Table 1,

approximately one half of the infants who began testing on a
contrast met this criterion in both the full and partial cue
conditions. At least four subjects met discrimination criterion

for each of the full and partial cue contrasts. In fact, out of
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PROPORTION OF SUBJECTS
MEETING DISCRIMINATION CRITERION

FULL CUE PARTIAL CUE
N =3| | N=38
SHAPING 94 (n=29) | 66 (n=25)
TESTING .52 (n=16) | 53 (n=20)

Table 1. The proportion of subjects who passed the shaping and the
testing phase of the procedure.
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the 13 subjects whc began the experiment on the partial cue
contrast /da vs. ga/ {(a starting N which 1includes subjects who
failed to respond to the intensity difference in shaping and
might, therefore, be «classified as inattentive), Si% met
discriminaticon criterion.

An examination of the mean proportions of correct responses
on all trials pricor to, but within the same session that

discrimination criterion was met {see Figure 5), indicated that

verformance was above chance for all the full and partial cue
contrasts, but that there were no differences within or across cue
condition. The mean number of trials reguired to meet criterion

within the session that the criterion was met (see Figure 6) also

did not differ between any of the contrasts either within or
across cue condition. Nor were there any differences between any
of the contrasts within or acrcss c¢ue condition in the mean number
of sessions required to meet discrimination c¢riterion. Finally,
performance on any of the full or partial cue contrasts by these
three measures did not differ from a third group of infants who
were tested more recently in  an  identjcal manner on the same
contrasts, but with digitized natural productions of /ba/, /da/

and /ga/.
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The major conclusion to be drawn from these results is that

young infants are capable of discriminating partial cue or two-
formant stimuli differing in place of articulation. This finding
is, in fact, consistent with Eimas' (1974) earlier demonstration
(using the high-amplitude sucking discrimination paradigm) that
infants can discriminate two-formant synthetic Jabial and alveolar
stops. Since an inspection of the onset spectra of our two-formant

stimuli revealed that these stimulli fit two of Stevens and

Blumstein's templates, one might expect to observe such
discrimination -- at least for the /ba vs. da/ and /ba vs. ga/
contrasts. However, this observation and the finding that

prelinguistic infants actually discriminate these contrasts argue
against Stevens and Blumstein's proposal that two-formant stimuli
only possess '"secondary", context-dependent <cues to place of
articulation which cannot be wused by infants in perception. In
fact, in the case of the two "degraded" two-formant stimuli /ba/
and /ga/, which possess the appropriate Stevens and Blumstein
onset spectra, there would seem to 1little need for making the
distinction between primary, innate cues and secondary, learned
cues.

Tt might be concluded, nevertheless, that Stevens and
Blumstein are still correct in their claim that it 1s the gross
shape of the spectrum at onset which enables infants to
discriminate place of articulation differences. However, the
finding that infants discriminated the two-formant /da/ and /ga/,
which possessed very similar onset spectra, and the finding that
performance on this contrast did not differ across or within cue

condition do not support Stevens and Blumstein's claim that it 1is
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the gross shape of the onset spectrum which is used for place of
articulation perception. Moreover, the results of this study do
not provide any empirical support for the distinction they make
between primary and secondary cues to place of articulation in

Stop consonants.
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[RESEARCH ON SPEECH PERCEPTION Progress Report No. 6 (1979-80) Indiana University]

Onset Speatra vs. Formant Transitions
as Cues to Place of Articulation*

A. C. Walley and T. D. Carrell

Department of Psychology
Indiana University
Bloomington, Indiana 47405

Abstract

Stevens and Blumstein (1978; 1980) have proposed that the
gross shape of the onset spectrum of a CV syllable provides
listeners with a primary and contextually invariant cue to place
of stop-consonant articulation. Contextually variable formant
transitions are, on the other hand, c¢laimed to constitute only
secondary cues to place of articulation that are learned through
thelr co-occurrence with the primary spectral o©ones. The present
experiment assessed this c¢laim about the relative importance of
these two c¢cues by obtaining listeners' identifications of
synthetic stimuli whose onset spectra and formant transitions
specified different places of articulation. The results indicated
that listeners use formant transition informestion more often than
the overall shape of the spectrum at stimulus onset - a rTesult
which argues against Stevens and Rlumstein's claim that the onset
spectrum {(at least by their description) is the primary cue to

place of articulation. However, because some listeners did, in
some 1nstances, consistent]y use the onset spectra cues for
identification of place of articulation, it would seem that
different perceptual strategies are used in phoneme

identification.

*A version of this paper was presented at the 100th meeting
of the Acoustical Soclety of America, November 19, 1982, Los
Angeles, (California. The research reported here was supported in
part by NIH research grant NS-12179-05 and NTMH research grant
MH-?24027-06 t0 Indiana University and by a doctoral fellowship
awarded +to ACW by the Soclal Sciences and Humanities Research
Council of Canadas. We would like teo thank L. B. Smith and D. B.
Piscni for their meny helpful comments on this work.
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A classic problem in the study of speech perception has Dbeen
to account for the constanry of the phonetic percept given the

apparent lack of acoustic-phonetic invariances in the speech

waveform. This noncorrespondence has been particularly evident in
spectrographic analyses of stop consonants (e.g., Liberman,
Cooper, Shankweiler and Studdert- Kennedy, 1967). However,
according to one class of speech perception theories (e.g., Cole

and Gcott, 1974; Fant, 196A0; Stevens and Rlumstein, 1978; 1980},
this problem js indicative of a failure to find the appropriate
psychological description of the speech signal, rather than an

inherent characteristic of the speech signal which necessitates

the postulation of active, high-level perceptual mechanisms to
perform initial sensory analyses (e.g., Chomsky and Halle, 1960;
Liberman et al., 1967; Stevens and House, 1972). TIndeed, the

advent of new digital methods of speech analysis has supported the

possibility of identifying acoustic-phonetic invariances (see, for

example, Blumstein and Stevens, 1979, lo80; Kewley~-Port, 1980
Searle, Jacobson and Rayment, 1979; Stevens and Blumstein, 1078).
Stevens and BRBlumstein (1978:; 1980) have, for exanple,

maintained that the onset spectrum of a CV syllable provides a
distinctive and contextually invariant QJdescription of place of
stop-consonant articulation. This onset spectrum is obtained using
a linear prediction analysis that integrates energy over the first
25.6 msec. of the syllable. TIn addition, they have suggested that
a similar analysis may be an appropriate one for c¢haracterizing
place of articulation for stops in VC syllables and for

syllable-initial nasals (Blumstein and Stevens, 1979).
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Specifically, the context-independent properties of the onset
spectrum proposed by Stevens and Blumstein include the relative
location and diffuseness of spectral energy. These properties were
arrived at on the basis of theoretical considerations from the
acoustic theory of speech production (Fant, 1960) and from an
empirical. examination of many natural stop productions. As one can
see from Figure 1, which c«contains theoretical spectra for the

Insert Figure ] about here

voiced stop consonants /b/, /a/ and /qg/, labials may Dbe
characterized by a diffuse flat or falling onset spectrum,
alveolars by a diffuse rising spectrum, and velars by & prominent
mid-freguency spectral peak. These properties are determined
primarily by +the initial portions of the formant transitions and
are enhanced by the presence of +the Dburst which follows
consonantal release in stop CV syllables.

According to Stevens and BRBlumstein, it 1s sensitivity to
these global, contextually 1invariant properties of the onset
spectrum which allows listeners to differentially identify place
of articulation for stop CV syllables in the face of the
contextual variability inherent in formant transition information.
Moreover, it 1s c¢laimed that the peripheral auditory system is
innately endowed with detectors which are sensitive to these
properties of the onset spectrum. Listeners do not, so Stevens and
Blumstein maintain, typically use formant transition information
(for example, formant starting frequencies and formant

trajectories) to identify place of articulation. Such information
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1s contextually variable (e.g., the second formant falls in the
syllable /da/, but rises in /di/) and constitutes a secondary cue
to place of articulation. This secondary cue can be used by adults
in the absence or distortion of the primary, invariant propertics
of the onset spectrum -- an ability which, according to Stevens
and Blumstein, 1s acquired in development by virtue of the

co-occurrence of the primary and secondary cues (for work which

addresses this particular claim, see Aslin and Walley, 1980).
Thus, the properties of +the onset spectrum are asserted to be
primary for the perception of place of articulation in that: 1)

for the adult, they constitute the normal or preferred basis for
perception and ii) developmentally, they are used prior to formant
transition information and sensitivity to these properties is
actually innate.

ITn support of their theory that it is sensitivity to the
gross properties of the onset spectrum which mediates place of
articulation perception, Stevens and Rlumstein (197R) report the
results of a perceptual experiment 1in which adult listeners
identified synthetic CV syllables from several continua. These
continua varied in place of articulation (b-d-a or b-g) in one of
three possible vowel contexts (/i/, /Ja/ or /u/) and contained

either bursts and transitions, transitions only or bursts only. Tt

was found that the Dbest exemplars (according to subiects'
identification functions) of each place of articulation category

for the Dburst and transition and transition-only continua had

onset spectra which possessed the proposed primary,

context—-independent cues.
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As Stevens and Blumstein themselves note, this study did not
really constitute a strong test of their theory since formant
transition information and onset spectra properties were
confounded 1n their stimuli. Therefore, optimal onset spectra may
have co-occurred with optimal formant transition information and
poor, nondistinctive onset spectra may have co-occurred with
ambiguous formant transition information (for other criticisms of
this work and a new analysis, see Kewley-Port, 1980). Tn an
attempt to conduct a strong test of Stevens and Blumstein's
theory, we obtained listeners' identifications of synthetic speech
stimuli in which formant transition information gspecified one
place of articulation, but in which the onset spectrum specified a
different place of articulation -- a manipulation which was
achieved Dby varying the relative amplitudes of the formants. In
this way, we hoped to assess the relative contribution of spectral
information at stimulus onset and transition information to the
perception of place of articulation. Stevens and Blumstein's
theory would, of course, predict that since onset spectra cues are
primary, a lilstener's perception should agree with place of
articulation as specified by the onset spectrum.

The three control stimuli for the present experiment, whose

spectro— temporal specifications are shown in Figure 2, were

modelled after the Dbest exemplars of each place of articulation
category from Stevens and Blumstein's (1978) transition-only

/ba-da-ga/ continuum. The stimuli were synthesized in the parallel
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branch c¢f a modifisd version of the Klatt (1980) synthesizer (see

Kewlcy-Port, 1978). The onset spectra of these stimulli, which were
cbtained using an LPC analysis similar to Stevens and Blumstein's,

are shown 1in the top of Figure 3. The onset spectrum of each

control stimulus 1s consistent with the place of articulation
specified by the starting frequency and direction of 1its formant
transitions and 1is accepted by the appropriate Stevens and
Blumstein place of articulation template, and is rejected by the
other two templates (for a description of these templates, see
Blumstein and Stevens, 1979),

Two experimental or 'conflicting cue" stimuli (shown in the
bottom ©f Figure 2) were derived from each control stimalus. A
conflicting cue stimulus differed from the original control signal
only in that the formant amplitudes were manipulated such that its
onset spectrum specified a place of articulation different from
that specified by its forment transitions. Fach conflicting cue
stimilus had an onset spectrum which is accepted by one of the
Stevens and Blumstein templates, but which 1is rejected by the
other two templates.

Fighteen Tndiana University undergraduates were presented
with 24 repetitions of each of the & conflicting cue stimuli and
48 repetitions of each of the 3 control stimuli {(such that they
heard an equal proportion of control and experimental stimuli) in
random order. The subjceccts were asked to identify these

computer-generated versions of the syllables /ba/, /da/ and /ga/
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3s quickly as possible by pressing one of three labelled response

buttons. Both identification and reaction-time respeonses were
collected. Since the reaction-time data has not yet been analyzed,

only the ideptification data will be presented in this report.

Figure 4 shows the results of the group analysis of the

identification data. First, note that the proportion of hits for
each control stimulus (shown on the left side of each panel) is
very high. These identification responses could be based (among
other things} on the gross properties of the onset spectrum, as
Stevens and Blumstein Thave claimed or on information in +the
formant transitions. In order to determine which of these two cues
subjects might have been using, we compared the proportion of hits
for control stimulil to the proportion of identifications according
to formant transitions for conflicting cue stimuli. In Figure 4,
the proportion of identifications by formant transitions denoted
by (F) in the figure, by onset spectrum (8}, and the proportion of
"other” responses (0) for each conflicting cue stimulus 1s shown
to the right of the control stimulus from which it was derived.l

Overall, there was a decrement in the proportion of
formant-bhased responses for the conflicting cue stimuli compared
to the proportion of hits for control stimuli, but, as one can
see, this decline was stimulus-dependent. Althaough for three of
the conflicting cue stimului there was a decline in the proportion
of formant-bhased responses, there was no such decline for the

remaining three conflicting cue stimuli -~ a result which does not
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support the prediction of Stevens and Rlumstein's theory that

perception depends on the gross shape of the spectrum at onset,

The decline in formant-based responses observed for three of
the conflicting cue stimuli could have resulted from 'isteners'
use of onset spectra in making their identifications. However,
this decrement would also be expected if subiects are akle to use
both cues independently of one another or if putting onset spectra
in conflict with formant transitions makes the stimul i ambiguous
cr poor. The results of +two additional analyses suggest very
strongly that the conflicting cue stimuli are not simply poor
ones.? First, when "other" responses are ignored, an onset
spectrum- based response was preferred for one of the conflicting
cue stimuli (identified by ** in Figure 4). Thus, for this
particular stimulus, Stevens and Blumstein's prediction was, in
fact, confirmed. However, in the three remaining cases where a
preference was observed, this preference was formant-based (the
stimuli are identified by * in Figure 4). Although no preference
was observed for the +two conflicting cue stimuli in the first
panel of Figure 4, and the decrease 1in formant-based responses
here could, therefore, still be attributed to the distorted nature
of these stimuli, a seccond analysis of individual subliects' Jdata
argues against such an interpretation.

Tn Figure %, it can be seen that although placing onset

spectra and formant transitions in conflict with one another did

increase inconsistencies or "other" responses for some subiects,
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many subjects were very consistent in using either a formant - or
an onset spectrum -based response. The three panels in the figure
show the number of subjects that correctly identified each control
stimulus greater than 60% of the time and the number of subjects
that wused a formant, onset spectrum or "other" response greater
than 60% of the time to identify the conflicting cue stimuli
derived from the control stimuli. The probability of doing so by
chance is less than .01 by a chi-square test.

As can be seen from the individual subjects' data, there were
large individual differences in the type of response used and
these responses were also stimulus-dependent. For example, eight
subjects consistently identified the first conflicting cue
stimulus in the first panel of Figure 5 according to its formant
transitions (i.e., as a /ba/), whereas one subject consistently
identified this same stimulus according to its onset spectrum
(i.e., as a /da/). The data for the two subjects shown in Table 1

Insert Table 1 about here

illustrates the within-subject consistency and the between-subject
differences and similarities observed in the individual subjects'
analysis. The results obtained by this analysis suggest that both
types of cues may be adequately specified at least in some of the
stimuli and that both can be used by adult subjects. Nevertheless,
it can be concluded that, as in the group analysis, formant-based
responses predominated.

In conclusion, it 1s apparent from the analysis of the

individual subjects' data collected in this study that both
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AN EXAMPLE OF INDIVIDUAL DIFFERENCES
IN STIMULUS IDENTIFICATIONS

SUBJECT CONTROL CONFLICTING
NO. CUE
Proportion Proportion / Proportion

Correct Formant / Spectrum

Responses / Responses
ba ba——ga
3 .00 .04 86
4 .00 .00 .00
da da —>ga
3 .00 .00 .00
4 90 00 1.OO
ga ga——ba
3 .00 1.OO .00
4 .00 .00 00
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formant transition and onset spectrum cues were consistently used
in the identification of the conflicting cue stimuli (a result
which was both stimulus and subject dependent). To this extent,
our results support Stevens and Blumstein's notion that the two
cues may co-exist. However, formant-based responses predominated
in both the group and the individual subjects' analyses -- a
finding which argues strongly against Stevens and Blumstein's
claim that properties of the onset spectrum are the primary cue to
place of articulation for syllable-initial stop consonants.
Although it may be that properties of the onset spectrum were not
specified optimally and that Stevens and Blumstein's templates are
merely wrong in their local details, the finding that subjects
used two types of cues in identifying place of articulation does
not appear to lend any empirical support +to Stevens and
Blumstein's distinction of primary wvs. secondary cues. Further
reseaxch 1s currently underway in our laboratory to elaborate on

these perceptual processes in adults and infants.
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Footnotes
A response was classified as "other" when a subject chose a
response which did not conform +to place of articulation as
specified by either the formant transitions or onset spectrum
of a stimulus. For example, if the formant transitions of a
conflicting cue stimulus were appropriate for a /ba/ and its
onset spectrum was appropriate for a /da/, then if a subject
identified this stimulus as /ga/, the response was classified
as "other". For present purposes, such responses are

essentially considered as random (however, see Footnote 2).

Tn one case only (for the first conflicting cue stimulus in the
first panel of Figure 5) are there really a large number of
"other” responses. In fact, the individual subjects' analysis
indicated that these were consistent responses. Tt is,

therefore, interesting to note that by a post-hoc inspection of

this stimulus according to Kewley-Port's (1980) feature
classification system, which examines changes 1in spectral
energy over time, +that this stimulus might, in fact, be

classified as a /ga/.
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[RESEARCH ON SPEECH PERCEPTION Progress Report No. 6 (1979-80) Indiana University]

Infant Speech Perception Laboratory: Current Computer Resources*
Jerry C. Forshee

Indiana University

Introduction

The current laboratory computer system was purchased from
Digital Eqguipment Corporation as a packaged system with funds
made available through NSF research grant BNS 77-04580 to Indiana
University. The computer system was delivered in the Fall of 1977
and has undergone almost continuous hardware and software
development to achieve its current hardware configuration and
operational status. The primary instrumentation objective of the
computer system for this grant (HD-11915) 1is to support the
presentation to infant subjects of relatively short (300 to 500
msec.) speech signals 1in real-time and the collection of
subsequent responses made by a "blind" adult observer. In the
following sections of this report we will describe in some detail
the design goals, the current configuration and the typical
functions supported by the computer system. This report is not
intended as an exhaustive description of these systems but is
intended to summarize the current capabilities of the laboratory
at the present time for carrying out a fairly wide range of
activities associated with speech processing tasks including

analysis, synthesis and perceptual experimentation with infant

and adult observers.
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System Design Goals

Our primary objective for the PDP 11/34 was to develop a
computer system capable of conducting on-line perceptual
experiments. Our definition of conducting perceptual experiments
includes not only the real-time presentation of auditory signals
to infants and the collection of observer's responses, but also
the development of all required programs and the data recovery
tasks, i.e., data summarization and analysis. Although
considerable effort has been directed toward the design of this
system, it 1is obvious that the current configuration is not
completely permanent; as new research needs are encountered
modifications will need to be made to meet these needs. What we
are certain of, however, is that the PDP 11/34 system 1is an
excellent <choice around which to build a flexible laboratory of
this type for it provides a very adequate set of facilities 1in
its basic configuration and allows for more add-on capability
than required by nearly any small-sized research laboratory. The
current configuration of +the PDP 11/34 computer system 1is
displayed in Figure 1, and will be described below under the
following major headings: (1) basic system resources, (2) analog

input/output system, (3) subject I/0, and (4) operator control

station.
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computér system in the Infant Perception Laboratory

Figoure 1. PDP 11/3%



Basic System Resources

The basic processor in this system has been complemented by
two add-on options which combine to make the PDP 11/34 a very
fast computational machine. These include the KDl11-EA processor
itself, the FPll1-A floating point processor and the KK11-A cache
memory. This later device acts as a high speed buffer between
memory and the processor, providing a 40% to 60% increase in
throughput depending on the organization of the program being
executed. The total memory on the system is now 96K words which
consists of the original DEC 32K word MS11-EJ and a Monolithic
Systems 64K word MOS 3603 system. The processor is equipped with
the optional Programmers Octal Keypad Console, the KY11-LB
subsystem. The system programming console 1is an ADDS 580 CRT
terminal, operating at 9600 baud, and connected to the Unibus by
a DEC DL11-W serial 1line interface which also provides the
hardware line frequency clock function. The system storage device
is an RKO5 disk system consisting of the DEC RK11-D disk
controller, an RKO05-J removable media 2.5 Mbyte drive and a fixed
media 5.0 Mbyte RKO5-F drive. The system hardcopy device is a DEC
LA180 DECprinter which operates at 180 c¢ps print speed. The
programmable real-time clock on this system 1is one of the
functional units of a DEC AR-11 interface. This clock is used to

drive the various software timers used throughout the system.
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Analog Output System

Experience gained 1in developing other systems at Indiana

University led us to develop an analog output system that 1is

modul ar and adaptable, thus allowing us to meet our
instrumentation demands as they change from experiment to
experiment. As such dynamic growth is the normal expectation in

research of the kind carried cut in our laboratory, we felt that
choosing modularity and flexibility as one of the major design
criteria in our analog system interface was a sound decision.

The first 1link in our chain of analog interface components
originates with an MDB DR11-B Direct Memory Access (DMA)
controller. This device 1s an embedded controller which provides
all necessary interfacing with the PDP 11 Unibus to provide DMA
capability for the system. This DMA controller leaves space for
additional circuitry to be installed by the user to tailor the
controller more exactly to his particular application. We used
this feature of the DMA controller to add our own logic circuits
to establish a unique configuration of control bits in the
control and status register of +the DMA D/A controller. These
control bits allow for program selection of different hardware
features. Among other features, the program may select: sampling
rate of either 10K or 20K; inclusion or exclusion of pre-emphasis
and de-emphasis circuits; signal routing to channel-a D/A or
channel-B D/a, or to both channels for dichotic output of two
independent signals simultaneously, Adjacent to the DMA
controller in the computer is the D/A interface which contains

the two 12 bit D/A converters, Datel Model DAC-VR12B2D.
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One of our design goals in developing this system was to
completely isolate the digital and analog systems. The analog
power for the D/As comes from a power supply external to the
computer and the logic and analog power systems are therefore
kept totally isolated. The only two signals leaving the computer
are the two D/A analog outputs which use isolated grounds and
differential line drivers for maximum isolation and noise
immunity. These two analog signals are connected to a separate
equipment rack containing all the analog signal conditioning
circuits. The ultimate design criteria for the analog rack was
one of modularity and signal standardization. Each module has a
standard input/output impedence and voltage protocol. This design
scheme allows for modules to be patched in or out of the signal
path quickly to satisfy the need of a particular experiment or
related task. This modular standardization also allows for quick
repairs, usually by exchanging the defective module with a spare
one on hand. Such standardization also reduces the effort of
incorporating new devices in the system; all that is needed is to
convert the new device to our standard, if required, before
adding it to the analog equipment rack. Another advantage is the
great flexibility it permits; existing signal conditioning
functions may be removed and new ones added in the chain with no
effort required to Dbreak the chain or rearrange the existing
modules. The standard wunits currently employed in this rack
include: (1) the differential line receiver module which receives
the signals from the D/A interface in the computer and
establishes the electrical protocol for the analog signals; (2)

low pass filters, both 5K and 10K are available; (3) programmable
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attenuators, one for each analog channel, which has 9 stages with
attenuation step sizes of 1/4 dB, 1/2 dB, or 1 dB; our default
configuration is 1 dB steps with a range of 0 to -127 dB: (4)
auxiliary output panel for driving experimenter earphones or
speakers and other output devices such as tape recorders:; (5) the
final link in the analog interface chain is the power amplifier
which drives the speakers providing sound to the subject in the
experimental sound chamber.

The digital outputs required to operate the attenuators come
from a simple yet extremely useful device we designed and
constructed to provide an extended number of output bits while
imposing a minimal load on the Unibus. This interface, the DR11-C
Output Expander, produces four words of digital output with a
single load presented to the Unibus by using a standard DR11-C
module. The one word output of the DR11-C is multiplexed to four
16 bit holding registers controlled by two bits of the DR11-C
control and status register. One of these expanded output words

is used for controlling each of the programmable attenuators.

Subject I/0

All interaction with our subjects and observers is provided
by an interface we designed specifically for this purpose. The
Response Box Controller (RBC) system 1is Dbasically a data
multiplexer which is connected to the computer via a MDB11-C
digital interface. Multiplexing is provided to allow an output
buss of eight data bits to each of two subject stations, each one
being independently latched in the RBC. Likewise, on the 1input,

the RBC acts as a holding register for eight bits of input data
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for each of these subject stations. Digital logic is provided 1in
the RBC to handle the stacking of input data in the case of both
subject stations responding simultaneously. When multiple
responses occur, the data 1is held 1in the RBC and an output
interrupt to the computer is generated each time an 1input 1is
received until all pending responses have Dbeen read by the
computer. In this effort of interfacing the human observer, a
versatile and modular approach was taken with the organization of
electrical signals available at the subject station. A device
called the 1Intelligent Plug Box (IPB) was also designed which
greatly facilitates the frequent changes between particular
response manipulanda demanded by different experimental paradigms
in use in the laboratory.

The 1IPB provides the 1interface Dbetween the RBC and the
several types of response boxes which may be used. The IPR
provides four different Jjacks that connect subject I/0 devices
using two different electrical protocols. The first connector
jack provides points to connect the eight input and eight output
lines wusing the "event" ©protocol. This protocol supports
switches, pushbuttons, small relays, incandescent lamps and
similar devices. The second output connector repeats the output
lines so that input and output functions can be built in separate
enclosures and then mixed and matched to suit a particular
experiment. For "event" devices no additional logic 1is required
beyond that contained in the IPB itself. Thus, 1t 1s quite
economical to have multiple sets of subject I1/0 devices as only
the enclosure, buttons, and cue lamps need Dbe duplicated. This

organization also makes it quite possible for a laboratory user
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to construct a unique subject I/0 device for his particular needs
with a minimal amount of technical knowledge and skill and with
minimal time requirements.

A second signal protocol 1is used on the third and fourth
connectors on the IPB. The standard TTL logic family protocol is
used with both the eight input and eight output lines appearing
on the third connector while only the eight output lines are
repeated on the fourth, for the same reason of combining 1/0
boxes as in the "event" protocol. This second mode, the "logic"
protocol, 1s used to directly connect keyboards, numeric keypads,
LEDs, seven segment displays or custom devices that use

conventional TTL logic signal protocol.

Operator Control Station

Experimenter/Observer interaction with the computer during
experimental sessions is carried out by a high speed CRT terminal
located 1in the subject room. The experimenter/observer uses this
terminal to start, pause and run the actual on-line experiment.
When appropriate, the experimenter can enter new parameter values
as required in conducting an experimental session. This terminal
is also used extensively by the particular program conducting the
experiment to provide data to the experimenter/operator regarding
the progress of the infant subject participating in the
experiment. The experimenter/ observer also has available a
special response box wused to interact directly with the
experiment program. This facility permits the
experimenter/observer to present stimuli and feedback durinc

training trials and enter observational responses during test
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trials. Also available to the experimenter/observer 1is an
earphone set to allow listening to the actual stimuli Dbeing
presented to the infant subject. During testing stages of the
experiment the experimenter/operator's earphones are switched to
a tone generator which the computer gates on and off 1in
synchronization with the speech stimuli presented to the infant
subject. This allows the experimenter/observer to be informed of
the observation interval while remaining blind to the actual

stimuli presented on a given trial.

Summary and Conclusions

It has been our intent in this report to present the reader
with the design criteria, research goals and 1instrumentation
strategies that have led to the development and implementation of
the current computer facilities of the Infant Speech Perception
Laboratory. We view the current laboratory as Jjust one step 1in a
continual process of evolution:; each completed research project
giving birth to the next idea and 1its own unique set of
instrumentation needs. The attributes of modularity, adaptability
and functional transportability have Dbeen central to our
thinking, planning and implementation of each laboratory
facility. We have also placed high priority on developing a well
organized and efficiently operating laboratory with readily
available software support as we believe these are fundamental
prerequisites for conducting high guality research and collecting

reliable experimental data under highly controlled conditions.

488



Footnotes

*The development and implementation of the computer
facilities described in this report was supported by funds from
NICHD research grant HD-11915 and NSF research grant BNS 77-04580

to Indiana University in Bloomington, IN 47405,
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