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The discriminability index —Inn is described by the
formula

~Inn = %In[P(D/D)P(S/S)/P(S/D)P(D/S)] .

Its value is zero at chance and increases with the accuracy
of performance. Figure 2 plots —Inn as a function of
the stimulus pair. For each place of articulation, the
—Inn index is greater for the between-category pair
than it is for either of the within-category pairs, indicat-
ing greater sensitivity. The d’ analysis revealed an identi-
cal pattern of results. This increase in discriminability
for between-category pairs is similar to that shown by
Wood (1976), who tested human listeners on pairs of
stimuli differing by 20 msec on a bilabial VOT con-
tinuum and reported his data in terms of the —In n index
of discriminability. Wood’s data showed comparable
within-category discriminability, but slightly greater
between-category discriminability, when compared with
the data obtained here.

The response-bias parameter Inb is described by the
formula

In b = % In [P(S/S)P(S/D)/P(D/S)P(D/D)] .

When there is no response bias, Inb is equal to zero;
it becomes increasingly positive with increasing bias
toward S responses (holding the key) and increasingly
negative with increasing bias toward D responses (re-
leasing the key). The Inb index for each stimulus pair is
provided in Figure 3. The measure of response bias
(B) of signal-detection theory produced a pattern of
similar results. The data indicate that the animals dem-

onstrated a general tendency toward S responses, regard-
less of the pair being tested. While “hit” and “correct-
rejection” responses were equally reinforced, this ten-
dency toward holding the key was probably due to the
fact that only three of the nine pairs were easily dis-
criminable, plus the fact that half of all trials presented
were S trials, which required a holding response. The
density of reinforcement, therefore, was actually greater
for holding responses than for lifting responses. This
would tend to cause animals to refrain from lifting the
response key unless they were quite sure that the mem-
bers of the stimulus pair were different.

In addition to the overall tendency toward “same”
responses, the animals demonstrated a systematic change
in response bias with increasing VOT. Since lifting the
key was associated with reinforcement more frequently
in the presence of signals with higher VOT values, ani-
mals tended to release the key more frequently when the
stimulus pair contained a stimulus with a higher VOT
value. Recall, however, that only for the between-
category pairs was this tendency associated with
greater discriminability. The improved discriminability
for within-voiceless pairs seen in the percent-correct
measure can therefore be attributed to response bias
rather than to a true increase in discriminability. In
contrast, the peak in discriminability for pairs straddling
the boundary represents a true increase in discrimi-
nability.

These response-bias data can be compared with those
obtained on human listeners by Wood (1976), who also
used the Inb index. He found a significant shift toward
*same™ responses for within-category contrasts and
a significant shift toward “different”™ responses for
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Figure 2. Average data for a distribution-free index of discriminability (—In n) for the nine
stimulus pairs. Higher numbers indicate greater sensitivity (see text for additional details).
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Figure 3. Average data for a distribution-free index of response bias (In b) for the nine
stimulus pairs. Positive numbers indicate a bias toward “same” responses (holding the key),
and negative numbers indicate a bias toward “different” responses (releasing the key).

between-category contrasts. We obtained a similar shift
in response bias from “same” responses to “different”
responses when comparing the voiced within-category
pairs with the between-category pairs (Figure 3), but
not for the voiceless within-category pairs. We attribute
this difference to our specific trial structure.!

DISCUSSION

In the present study, we trained monkeys to respond
on a same-different task and then tested them with pairs
of stimuli from a physical continuum that ranged per-
ceptually from voiced to voiceless sounds. The pairs of
stimuli were chosen such that they were separated by an
equal physical difference in VOT on each of the three
continua tested and such that some were perceived to
be phonetically identical by adult human listeners while
others were perceived to be phonetically different. Mea-
sures of discriminability demonstrated that monkeys
discriminated sounds that were phonetically different
(i.e., straddled the phonetic boundary) significantly
better than they discriminated sounds that were phoneti-
cally identical (i.e., fell on one side of the boundary).
This was true for all three speech continua studied.

The fact that animal listeners demonstrate relatively
good discriminability at the boundaries between pho-
netic categories and relatively poor discriminability
within categories, just as human adults and infants do,
demonstrates that the phoneme-boundary effect is not
exclusive to human listeners. The data raise two impor-
tant theoretical issues: (1) the relevance of animal data
to the interpretation of human data, both adult and

infant, and (2) the role played by auditory constraints in
the evolution of language.

Regarding the first issue, the relevance of animal data
to interpretations of human adult and infant data, we
argue that systematic comparisons among adult, infant,
and animal studies will aid in developing strong theories
concerning the nature and origins of the mechanisms
underlying phonetic perception. Comparisons between
human adults and infants demonstrate the degree to
which the infant demonstrates an initial capacity to
partition an acoustic continuum in a phonetically
appropriate way. Comparisons between humans and
animals suggest the degree to which effects should
be attributed to general auditory perceptual mechanisms
rather than to mechanisms evolved specifically for
processing speech information. The issue of whether
phonetic perception involves mechanisms that are
speech-specific will not be resolved with a single com-
parison. And, given that the initial comparisons between
humans and animals have revealed many striking simi-
larities (Kuhl, 1981; Kuhl & Miller, 1975, 1978; Morse
& Snowdon, 1975; Waters & Wilson, 1976), as well as
some differences (Sinnott et al., 1976), the answer to
the speech-specificity issue will not be a simple yes or
no. Rather, it will be a determination of the level at
which special mechanisms must be invoked to account
for the data.

The comparisons of interest form a hierarchy. To
date we have examined whether animals tested
in labeling tasks perceptually partition speech con-
tinua at the phonetic boundaries and whether any
peaks in discriminability are consistent with the loca-
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tions of phonetic boundaries. The results of these
studies on the voiced-voiceless distinction confirmed
the existence of appropriate boundaries for the chin-
chilla (Kuhl & Miller, 1978) and the monkey (Waters
& Wilson, 1976), and showed that chinchillas demon-
strate differential discriminability for stimuli along
a [da-ta/ continuum, with best performance shown at
the location of the phonetic boundary (Kuhl, 1981).
The present data extend the finding of differential
discriminability to all three voiced-voiceless continua
in a nonhuman primate.

Given that these initial comparisons show similarities
between the human and animal data, then comparative
tests involving more complex examples provided by the
adult literature can be made. In particular, future studies
should examine the role of particular acoustic cues for
voicing that have been shown to affect the location of
the phonetic boundary in adults. An example is the
determination of the effect of the first-formant transi-
tion on the boundary location in macaques, since
studies have shown that the boundary systematically
shifts as the frequency of the first formant is lowered
in adult listeners (Lisker, 1975; Summerfield & Haggard,
1977). Recently, experiments have been undertaken
with infants that address the potential interaction be-
tween these two kinds of acoustic cues (first-formant du-
ration and VOT) for voicing perception (Miller & Eimas,
Note 1). The results suggested that the infant’s discrim-
ination of speech sounds was influenced by both acoustic
cues, as it is for adults. It will now be important to
determine if animals show similar effects.

The continued comparison of adult, infant, and ani-
mal data using the same stimuli and comparable methods
should eventually identify the predise examples for
which mechanisms specific to speech must be invoked to
account for the data, and the extent to which those
mechanisms are functional at birth. Adult experiments
that isolate the role of individual acoustic cues and
specify the extent to which they govern the boundary
locations, alone or in combination, will be helpful.
Until the set of rules for combining the cues for voic-
ing perception are determined and the experiments that
are definitive tests for the use of those rules are identi-
fied, the most powerful comparative and developmental
experiments cannot be run.

As definitive examples are tested, we will know exactly
how far we can push the argument that the adult and
animal data are comparable. It is possible that a full
account will suggest that animals use simpler rules
for perceptually grouping stimuli, separating them
on the basis of an acoustic principle such as, for the
voicing contrast, the relative timing of two acoustic
events, whereas human listeners employ a more complex
set of rules. More complex rules might involve taking
into account the values of other acoustic cues. It is also
possible, however, that effects as complex as the re-
cently observed “trading relations” (Best et al., 1981)

derive from general rules about the perceptual grouping
of auditory stimuli, and are inherent in the functional
characteristics of the auditory system. Pushed to its
limits, this latter account holds that speech sounds form
“natural classes.”” This notion, which has been devel-
oped by Rosch (1973) for certain visual categories,
has also been modified for application to speech (see
Kuhl, in press, and Stevens, 1981, for discussion).

The second major point of this discussion, the role
played by auditory constraints in the evolution of lan-
guage, is intrinsically tied to the first. That is, our under-
standing of the role of auditory constraints in the evolu-
tion of language will depend upon what eventually
turns out to be common, and what divergent, in human
and animal. If the data eventually show that animals use
simpler rules in forming auditory categories for speech
sounds while humans use a more intricate context-
dependent set of rules, then we would conclude that
the constraints imposed by the auditory system pro-
vided a set of broad guidelines that served to initially
structure the acoustics of language but did not solely
determine them. These constraints could have taken
the form of a set of natural psychophysical boundaries
(Kuhl & Miller, 1975) whose inherent characteristics
included poor discriminability among stimuli falling
on one side of such boundaries but good discrimina-
bility for stimuli straddling them. Given that these
natural psychophysical boundaries were determined
by the mammalian auditory system, it would have been
natural for the acoustics of language to reflect these
constraints (Kuhl, 1979b; Stevens, 1981). But even if
one admits to the existence of natural psychophysical
boundaries and their role in the evolution of speech-
sound categories, the question of how complete an
explanation this provides for the perception of speech-
sound categories in humans still remains. Since speech
categories are represented by diverse acoustic events,
a complete account based solely on auditory con-
straints would require one to argue that not only bound-
aries, but also category centers, are determined by the
functional characteristics of the auditory system (see
Kuhl, in press, Kuhl & Padden, 1983, and Stevens,
1981, for discussion),

In summary, we have shown that animals display the
tendency to partition continua in ways that are condu-
cive to the phonetic discrimination of voiced and voice-
less stimuli. This was shown in an identification task
using stimuli from a voiced-voiceless continuum: the ani-
mals behaved as though they perceived an abrupt change
in the quality of the stimulus at precisely the point
at which many languages separate the categories (Kuhl
& Miller, 1975, 1978; Waters & Wilson, 1976). Also,
animals demonstrate poor discriminability for within-
category acoustic variants and good discriminability
for between-category acoustic variants. This was seen
in previous studies (e.g., Kuhl, 1981) and in this ex-
periment. Further studies will be required to determine
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exactly how far the analogy extends. Their outcomes
have important implications for models of speech
processing and for understanding the evolution of
language.
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NOTE

1. In typical same-different formats with human listeners, S
trials consist of both AA and BB trials, and D trials consist of

both AB and BA trials. We have not been able to train our
animals to do the latter kind of task with more than a single
stimulus pair, and since the design involved the collection of data
from each animal on all nine stimulus pairs (i.e., repeated mea-
sures), we chose the restricted format described above, in which
S trials consist of AA pairs and D trials consist of AB pairs. The
B stimulus in any given pair was the stimulus with the higher
VOT value. This format tended to increase the animal's response
bias, but the analysis procedure allowed the separation of re-
sponse bias and discriminability.
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