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Identification of synthetic stop consonants as either /bae/, /pae/, /dae/, or /tae/ was examined in two
experiments in which the stimuli varied independently on voice onset time (VOT), the consonantal
second and third formant (F,—F;) transitions and, in experiment 2, the intensity of the aspiration noise
during the VOT period. In both experiments, the patterns of the resulting identification probabilities were
complex, but systematic, functions of each of the independent variables. Of most interest was the fact
that the hkelihood of identifying a stimulus to be /bae/ or /pae/, rather than /dae/ or /tae/, was
strongly influenced by the VOT as well as by the F,—F; transitions. Analogously, the likelihood of
identifying a stimulus to be /bae/ or /dae/, rather than /pae/ or /tae/, depended on the F,-F,
transitions as well as on VOT. Three explanations of these results were considered within a fuzzy logical
model of speech perception: (1) that there is interaction in the evaluation of acoustic features, (2) that the
listener requires more extreme values of acoustic features for some speech sounds than for that of other
speech sounds, and (3) that the aspiration noise during the VOT period serves as an independent acoustic

feature to distinguish /pae/ and /bae/ from /tae/ and /dae/.

PACS numbers: 43.70.Dn, 43.70.Ve

One of the concepts which has had a profound influ-
ence on the study of speech perception during the last
quarter of a century is that of distinctive features.
Trubetzkoy, Jakobson, and other members of the
“Prague school” argued against the idea that the phon-
emes of a language are minimal units of analysis which
cannot be further reduced (Lyons,1968). According to
the Prague school, a phoneme can be characterized by
-distinctive features that represent its similarities and

o nthan tha
differences with regpect to the cther phonemes in the

same language. For example, Jakobson, Fant, and
Halle (1961) proposed that a small set of orthogonal,
binary properties or features were sufficient to distin-
guish among the larger set of phonemes of a language.
Jakobson et al. were able to classify 28 English phon-
emes on the basis of only nine distinctive features.
The binary nature of distinctive features means that in
the linguistic classification of a phoneme, each feature

ig either hrnennf or abgent in an all-or-none fashion

ellne CSClll O adsent 1n an a1-0r-none 1asnicn.

The orthogonallty of distinctive features means that the
different features are conceptually independent so that,
in principle, any combination of features could corres-
pond to a phoneme.

Distinctive feature analysis as perfomed by Jackob-
son ¢t al. {'961) for yuuucnucn or uy \.allUluDl\y and
Halle (1968) for other levels of phonetic and phonolog-
ical representation is not based entirely on physical
measurements of acoustic properties of speech sounds.
Rather, it includes the articulatory characteristics
which distinguish between pairs of phonemes. For ex-
ample, the articulatory differences between |p| and
[b| are similar to the differences between |t| and [d].
Nevertheless, while originally intended only to capture
linguistic generalities, distinctive feature analysis has
been widely adopted as a framework for human speech
perception. The attraction of this framework is that
since these features are sufficient to distinguish among
the different phonemes, it is possible that phoneme
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identification could be reduced tothe promem of de-
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termining which features are present in any given

speech sound. This approach gained credibility with
the ﬁnrhng originally hv Millar and Niecaly (1058 and

............. originally by Miller and Nicely (1955) and
since by many others (e.g., Campbell, 1974; Cole and
Scott, 1972; Peters,1963; Singh and Woods, 1971,
Wang and Bilger,1973), that the more distinctive fea-
tures two sounds share, the more likely they are to be
perceptually confused for one another.

Given that distinctive features are not directly mani-
fested in the speech signal, the implicit assumption
underlying most perceptual studies is that acoustic
characteristics mediate the perception of speech. Fol-
lowing our previous work, the acoustic characteristics
functional in speech perception will be referred to as
acoustic features or acoustic cues (Massaro,1975;
Massaro and Cohen,1976,1977; Oden and Massaro,
1978), in contrast to distinctive features, in order to
maintain the distinction between the psychoacoustic and
linguistic levels of description. Although we do not
expect that there is a direct correspondence between
distinctive features and acoustic features, the study of
the latter is aided by the distinctions made by the for-
mer. Thus, for example, one tends to ask what are
the acoustic features for the voiced-voiceless distinc-
tion rather than what are the acoustic features that dis-
tinguish |b| and |p|. As pointed out by Lisker (1975)
and others, a plethora of acoustic features are possible
for the single linguistic distinction of voicing. One
might also expect that a single acoustic characteristic
could be relevant to more than one distinctive feature.
In the present research, we have found some evidence
for the aspiration noise functioning as an acoustic fea-
ture both for a place of articulation distinction as well
as a voicing distinction.

If this framework is accepfed, then two questions are
of central concern: (1) Which characteristics of speech
sounds actually function as acoustic features; and (2)
what are the processes by which this featural informa-
tion is evaluated and integrated to identify a given
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speech sound ? The seminal work on the first question
was carried out at the Haskins Laboratories using syn-
thetic speech produced by the pattern playback syn-
thesizer (Liberman, Delattre, and Cooper, 1952).
These investigators studied the contribution of various
acoustic properties to the identification of speech
sounds which differ by various different distinctive fea-
tures and must, therefore, also differ by one or more
acoustic features. Liberman, Delattre, and Cooper
(1958), for example, demonstrated that for stop con-
sonants in initial position, increases in the time be-
tween the onset of the release burst and the onset of
vocal cord vibration [voice onset time (VOT)] were suf-
ficient to change the identification from a voiced to a
voiceless stop. The distinctive feature of voicing char-
acterizes whether or not the vocal cords are vibrated
during a significant portion of a particular sound. Stop
consonants with short VOTs were usually identified as
voiced stops ([b|, |d|, or |g|) whereas consonants
that were identical except for having long VOTs were
identified as voiceless stops (|p|, [t|, or [k]|).
man et al. (1958) also found that the presence or ab-
sence of aspiration during the VOT period contributed
to the identification of stops with respect to voicing,
and more recently, it has been found that the onset
frequencies of the fundamental () and the first format
(£,) also cue voicing (Haggard, Ambler, and Callow,
1970; Lisker,1975: Summerfield and Haggard, 1977).

Liber-

It should be pointed out that it may be that voice on-
set time is not actually an acoustic feature itself even
though changes in this variable are sufficient to change
the identification from a voiced to a voicless stop. Some
other concomitant change or changes in the stimulus
may function as the critical feature or features. As an
example, Winitz, LaRiviere, and Herriman (1975) dis-
entangled the VOT interval and the aperiodic noise in-
formation given by the burst and aspiration during the
VOT period. Using real speech, English initial stop-
consonant syllables were divided at the onset of vocal-
cord vibration, which was identified as periodicity in
the waveform. The initial aperiodic portion and the re-
maining periodic portion were recombined with various
time intervals between the segments. As an example,
the aperiodic portion from |du| was separated from
the periodic portion by an interval that gave the same
VOT found in [tu[ In this case the syllable had the
burst and aspiration appropriate for (du[ and VOT
appropriate for |tu|. The results indicated that the
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tual judgments. The syllable with the burst and aspira-
tion for |du| was always identified as voiced regardless
of the VOT. Similarly, a syllable with burst and aspir-
ation from the voiceless cognate was usually judged as
voiceless even though the VOT was shortened to imi-
tate the voiced cognate. This study indicates that the
burst and aspiration, rather than simply time, is the
functional acoustic cue in the perception of voicing of
initial stop consonants.

The acoustic features associated with the distinctive
feature of place of articulation in initial stops, which
corresponds to the point in the oral cavity (lips, alveo-
lar ridge, or velum) at which the airflow is occluded,
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include the frequency and direction of the second and
third format (F, and F,) transitions and also the burst
frequency (Delattre, Liberman, and Cooper,1955;
Harris et al., 1958; Hoffman,1958). Thus, this re-
search using speech synthesis has been reasonably
successful in isolating acoustic cues that are individual-
ly sufficient for the distinctions given by particular
distinctive features (for reviews, see Cole and Scott,
1974; Darwin, 1976; Klatt,1975; Massaro, 1975).

In contrast, much less research has been done on
the second question and, consequently, comparatively
little is known about the processes by which different
acoustic features are evaluated and integrated together.
Recently, however, a number of researchers have be-
gun to examine the nature of these processes (e.g.,
Massaro and Cohen,1976,1977; Oden,1978; Oden and
Massaro, 1978; Oden and Massaro,1978; Repp, 1977,
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have been considered with regard to this question are
whether acoustic features are perceived in an all-or-
none fashion and whether each feature is evaluated in-
dependently of the other features. If the linguistic dis-
tinctive feature theory were taken literally as a model
of human speech perception, then we would expect that
acoustic featureg are nprnp!vnd to be either hrpepnf

or absent in a given speech sound and that the percep-
tion of each acoustic feature would be unaffected by the
presence or absence of any other feature. However,
considerable evidence has now been accumulated (see
Massaro and Cohen,1976;0den, 1978; Oden and Mas-
saro, 1978; Paap,1975, for reviews) that acoustic fea-
tures are perceived in a continuous manner. For ex-
ample, listeners in the Samuel (1977) and Carney, Wi-
din, and Viemeister (1977) studies were able to make
within category discrimination of sounds differing in
voice onset time. If the acoustic featural information
were binary, then listeners would not have been able to-
discriminate two sounds that were identified equivalent-
ly.

On the other hand, the issue of acoustic featural in-
dependence in human sneeoh perception ig still very
much unsettled. The early work at the Haskins Labor-
atory discussed above provided some support for the
claim of featural independence in that separate sets of
acoustic cues were found to be relevant for the differ-
ent phonetic features.
with the idea of featural nonindependence has also been
found. For example, Lisker and Abramson (1970)
studied the identification of voiced versus voiceless
phonemes as a function of VOT for the labial (Ib[ and
ip|), alveolar (]d| and |t|), and velar (|g| and |k])
stop consonants. Voiceless identifications increased
systematically with increases in VOT for all three
places of articulation but the “boundary,” that is, the
point at which as many voiced as voiceless identifica-
ticns were made, varied as a function of place of artic-
ulation. The changeover from predominantly voiced to
predominantly voiceless sounds occurred at the point
where the VOT was about 23 ms for labials, 37 ms for
alveolars, and 42 ms for velars.
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Two types of featural nonindependence can account for
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the results of Lisker and Abramson (1970). First, the
exact degree of perceived VOT, for example, might
also depend on the particular F,-F, transitions, which
are cues to the phonetic feature of place. This kind of
featural nonindependence means that even a direct mea-
sure of the perception of VOT would change systemat-
ically with changes in the F,—F, transitions. In this
case, one would also expect to find similar changes in
nonspeech analogs of these stimuli.

The results of Lisker and Abramson can also be in-
terpreted as reflecting modification of the perception
of VOT by experience since the obtained boundaries
agreed rather well with VOT measurements of natural
speech (Klatt, 1975; Lisker and Abramson, 1964). If
listeners allow the place information to influence the
perception of voicing, it is natural to expect that, what-
ever the underlying mechanism, the influence will
mirror natural speech. Since voiceless stops tend to
have longer VOTs as place of articulation is changed
from labial to alveolar, the listener may require a
longer VOT in order to perceive an alveolar sound as
voiceless than that required for a labial sound. Hag-
gard (1970) made this assumption and proposed that
the perception of voicing is dependent on the prior an-
alysis of place information.

However, the results of Lisker and Abramson’s ex-
periments are somewhat equivocal because of a con-
founding of acoustic characteristics in their stimuli:
In addition to changing the onset of the F,—F, transi-
tions in order to cue different places of articulation,
the transition trajectories and durations were also
changed as was the duration and trajectory of F,. [Kuhl
and Miller (1978) provide a more detailed deseription
of these stimuli.] Although these changes were made
to obtain more naturally sounding tokens, they may
also have provided additional acoustic features and
thereby have been directly responsible for the changes
in the voicing boundary as a function of place. For ex-
ample, the F, transition rose more slowly in the al-
veolar than in the labial stimuli so that the F, onset
frequency for a given VOT was lower for alveolar than
for labial stops. This property would tend to make the
alveolars be perceived as more voiced since a low F,
frequency at the onset of vocal-cord vibration cues a
voiced sound (Lisker, 1975). This would explain the
observed shorter voicing boundary for labial than for
alveolar stops. However, when Miller (1977) replicat-
ed the Lisker and Abramson study with stimuli that
held F, constant with changes in place, significant
though much smaller boundary changes were found:
24.55, 27.80, and 29.30 ms VOT for the labial, al-
veolar, and velar stops, respectively.

Miller (1977) also examined the identification of lab-
ial versus alveolar phonemes as a function of F,~F,
transitions for nasal, voiced, and voiceless stop con-
sonants. The results reveal that the boundary between
labial and alveolar stops was located at higher values
of F,~F, onset frequencies as the stops were changed
from nasal to voiced to voiceless. This means that a
speech sound with a given F,—F, frequency was more
often identified as labial when the stop was voiceless
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than when it was voiced. Since Miller attempted to pre-
vent concomitant changes along other acoustic dimen-
sions, it is natural to interpret the boundary shiits ob-
served for one dimension as a function of a second di-
mension as supporting the nonindependence of feature
evaluation in speech perception.

However, an alternative explanation for the boundary
change results is that the features are evaluated inde-
pendently but that the observed interaction results from
the way in which the featural information is integrated
according to the specifications of the relevant alterna-
tives in memory. According to the logic of information
integration theory (Anderson, 1974), in order to deter-
mine the precise nature of the integration processes, it
is necessary to independently vary the acoustic features
of VOT and F,-F, transitions and to examine the pat-
tern of the interaction over the range of VOT and F,~
F, transitions. Therefore, to examine this question,
Oden and Massaro (1978) crossed five levels of VOT
with seven levels of F,—F, transitions and had subjects
identify the sounds as [b[, |d[, |p|, and |t].

Figure 1 presents the percentage of times the stim-
uli were identified as voiced phonemes as a function of
VOT; the parameter is the level of the F,~F, transi-
tions. Figure 2 presents the percentage of times the
stimuli were identifed as labial phonemes as a function
of the F,-F, transitions; the parameter is VOT. As
can be seen in these figures, there was very little ef-
fect of the F,—F, transitions on the identification of
voicing but a large effect of VOT on the identification
of place. Figure 2 shows that the sound became more
labial with increases in VOT. This result replicates

ao- F2—F3 TRANSITIONS |
e | LOW
o2
A3

a0 A4 #
os
v 6
® 7 HIGH

o
5

PERCENTAGE OF VOICED IDENTIFICATIONS
?

oLt | |
Q 10 20
VOT (MS)

30 40

FIG. 1. Percentage of voiced identifications as a functton of
VOT; the level of FQ—F‘3 transitions is the curve parameter
(data from Oden and Massaro, 1978).
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