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Abstract
Purported units of speech, e.g. phonemes or features, are essentially categories.
The assignment of phonemic (or phonetic) identity is a process of categorization:
potentially discriminable speech sounds are treated in an equivalent manner. Unfor-
tunately the extensive literature on human categorization has typically focused on
simple visual categories that are defined by the presence or absence of discrete fea-
tures. Speech categories are much more complex. They are often defined by continu-
ous values across a variety of imperfectly valid features. In this paper, several kinds of
categories are distinguished and studies using human subjects, animal subjects and
computational models are presented that endeavor to describe the structure and
development of the sort of complex categories underlying speech perception.
Copyright @ 2000 S.Karger AG, Basel

There appears to be a tendency in work on speech communication to presume that
the form of speech (and language) is a given and that one must hypothesize elaborate
mental processes that can accommodate the complexities of this divinely ordained
communication system. For example, Chomsky [1957, 1965] endowed children with a
specialized Language Acquisition Device to allow them to become competent in the
complex recursive rules of language and to discover the underlying structure in the
hopelessly impoverished speech of their parents. Liberman and Mattingly [1985] pro-
posed a specialized speech-perception module to help the poor listener deal with the
“lack of invariance’ problem that they are unfortunately saddled with because of the
variability inherent in speech.

Alternative to this viewpoint, onc can presume that the general perceptual and
cognitive processes of humans are the givens and that the specific form of our commu-
nication system evolved to take advantage of the specific operating characteristics of
our cognitive system. I refer to this view as the General Auditory and Learning
Approach (GALA) [Lotto, 1996]. It is probably best exemplified in the work of Lind-
blom [e.g. Liljencrants and Lindblom, 1972; Lindblom et al., 1983; Lindblom, 1986]
and Ohala [e.g. 1974, 1999]. GALA is founded on the notion that the development of
particular linguistic systems and speech as a communication system is constrained by
our general inherited cognitive systems and properties of speech production. In this
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approach, the characteristics of speech and particular linguistic systems offer opportu-
nities 1o study mechanisms of perception and cognition.

A good example of GALA is Bjorn Lindblom’s [1986] attempt to predict typical
vowel inventories by computing auditory distinctiveness. The accuracy of these pre-
dictions is enhanced by more detailed information about the operating characteristics
of the peripheral auditory systems. Thus. we sec the fingerprints of the auditory system
on the content of linguistic sound systems. From these results, it is certainly reasonable
10 suggest that the contents of vowel systems are constrained in part by a goal of suffi-
cient auditory distinctiveness, where this metric is a function of the capabilities of the
auditory system.

This is onc example of the many successes of explaining structure and function
in speech communication by appcaling to constraints of the auditory and articulatory
systems. Because of this arca of productivity, researchers who eschew the notion of
specialized speech mechanisms have sometimes been called *auditorists” [e.g. Nearey,
1997]. However, this term refers to only one half of GALA. Therc has always been an
assumption in the work of the ‘auditorist’ that learning plays an important role in
accounting for speech behavior. The auditory system provides a representation of the
acoustics of a sound, but it is through general learning processes that a listener devel-
ops a representation that is useful for communication.

Unfortunately, empirical work on this learning component has been lacking rela-
tive to the auditory component. In particular, it is not clear how the characteristics of
our general learning processes constrain the form of speech [though, see Lindblom et
al.. 1983; Nearey, 1997]. What would the fingerprints of the learning system look like?
To begin to formulate an answer, let’s look at the task for the language learner.

Language Acquisition

The task for infants learning their first language or adults learning a second lan-
guage appears daunting. Some of the variance in the acoustic input that they receive is
directly relevant to the intended message of the speaker. Other variance in the input,
however. is the result of extra linguistic influences such as the particular structure of
the speaker’s vocal tract. The language learner must parse the input variance to dis-
criminate those contrasts that carry information and ignore variation within a contrast
that is due to speaker characteristics, coarticulation, articulatory undershoot, etc. Com-
plicating this task is the fact that the language lcarner must do this in a language-appro-
priate manner. Languages utilize some subset of over 800 sounds as phonemes and this
subset can range from 11 to 141 phonemes [Maddieson, 1984]. As a result of this diver-
sity. variance that is cxtralinguistic in one language community may be pivotal for dis-
covering the intended message of a speaker in another language environment.

Thus, the task for the language learner is to discriminate some of the acoustic vari-
ance and to treat the remaining, potentially discriminable, variance as functionally
equivalent. In other words, the language learner must crcate auditory caregories that
map the linguistically relevant distinctions for the particular language he 1s attempting
to learn. Categorization is a general perceptual process. Much of our perceptual behav-
ior entails treating potentially discriminable stimuli as equivalent. Thus, we may be
able to predict the constraints of leaming on speech by understanding the operating
characteristics of our general categorization processes.
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Unfortunately, the empirical work on perceptual categorization has focused pri-
marily on visual categories that are defined by the presence or absence of discrete cues.
In contrast, speech sound categories (phonemes) are auditory and are defined by values
across a number of imperfectly valid continuous cues. In order to describe language
acquisition as categorization and to show the effect of categorization on the structure of
speech, we need to understand the processes of complex auditory category formation.
My colleagues and 1 have begun attempts to empirically define the important con-
structs of learning and categorization to try to supplement our understanding of the role
of audition and learning in GALA.

Functionally Defined Categories

In order to study language acquisition in speech, we need to develop stimulus sets
that contain the same degree of complexity as speech sound categories. Simple tones or
clicks will not do. My students and I have tried to create a complex auditory stimulus
set that is easily manipulated and that will not be identifiable as speech or any other
environmental sound. We believe that we have a set of stimuli that fulfill these desired
characteristics. The stimuli are sculpted from 300-ms bursts of white (Gaussian) noise.
White noise, as opposed to single tones or collections of several tones, has energy
across the range of frequencies; in this way, it is like speech. Using digital signal pro-
cessing, three attributes are added to the white noise bursts. First, a linear ramp in
amplitude defines the onset of the stimulus. This ramp varies in duration (from 10 to
100 ms), which gives the stimuli different degrees of ‘attack’. The other two attributes
are frequency ‘notches’ in the noise created by band-stop filters. One 300-Hz-wide
notch (where energy is greatly attenuated) varies in fow-frequency cutoff from 400 to
850 Hz. The second 300-Hz-wide notch varies from 2,200 to 3,100 Hz. These notches,
or gaps, are referred to as NF; and NF,, respectively (for negative first formant and
negative second formant, to make obvious the analogy to vowel stimuli, thus serving a
mnemonic purpose despite being an abuse of the term ‘formant’).

After adding these attributes, the resulting noises sound nothing like speech, but
have a desirable amount of complexity. The three attributes can vary independently
over distinct continuous ranges. Arbitrary categories can be created across any combi-
nation of the three attributes. We had 5 adults learn two categories constructed from
this stimulus set across 10 one-hour sessions. Category A contained stimuli that had
onsets less than 50 ms, NF;s lower than 600 Hz, and NF,s greater than 2,800 Hz. Cat-
egory B was the complement of this set. A stimulus belonged to A if two of the three
attributes fell within the range of the description of category A (e.g. onset = 20 ms,
NF; = 450 Hz, and NF, = 2,500 Hz). As compared to typical procedures in categoriza-
tion, this is an extremely complicated categorization task. The categories are defined
on attributes that vary continuously and none of the attributes are necessary nor suffi-
cient to define the category. Listeners must integrate across all attributes and they must
do it quickly because they hear the stimulus presented on each trial only once. These
characteristics of the task make it very much like the task of learning a speech sound
category.

The subjects were presented each sound and asked to press a button labeled A or
B. After responding, they received feedback in the form of a light appearing above the
correct response button. The question was whether humans could learn to perform this
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complicated task. Despite subjects’ concerns about the difficulty of the task, they were
able to learn the categories to some extent after less than 10 h. Figure 1 is a graph show-
ing percent A responses after the 1st day of training and after the 10th day of training.

These results demonstrate that auditory categories with the complexity of speech
can be learned by humans. These novel categories have many similarities to speech
sound categories. In particular, these nonspeech categories ‘suffer’ from the problem of
lack of invariance. None of the three attributes were necessary nor sufficient to define
the category. Yet, subjects were able to learn the categories by simply using general
categorization processes. This is similar to the demonstration that birds can learn to
correctly identify (categorize) syllables starting with /d/ despite the lack of a single
defining cue [Kluender et al., 1987].

In this experiment, the categories were defined completely by the response
required for the stimuli (as indicated by feedback). That is, stimuli that required an
equivalent response were considered members of the same category. I refer to these
as functionally defined categories. Speech sound categories are certainly functionally
defined to some degree. That is, sounds are grouped into a phonemic category because
they are functionally equivalent when it comes to lexical access. This kind of func-
tional-equivalence category is similar to traditional definitions of linguistic categories.
For example, phonemes are often defined in terms such as: ‘...a family of uttered
sounds... in a particular language which count for practical purposes as if they were
one and the same..." [Jones, 1967, p. 258]. However, there is also systematic variance
in the input distributions of speech sounds that can serve as information for a language
learner about the definition of phonemic categories. For example, the distributions of
voice onset time for voiced and voiceless consonants in various languages are Gauss-
ian-like in shape with exemplars in the middle of a category having higher frequencies
of occurrence than exemplars near the boundaries between categories [Lisker and
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Abramson, 1964). This statistical information could be used by language learners to
parse the space of voice onset time into phonemic categories. In addition, correlations
between features can provide information about categories, as correlations tend to be
higher within a natural category than between categories.

Statistical information must be playing some role in language acquisition, because
infants show evidence of native-language phonemic categorization at 6 months of age
before a lexicon is established to define functional equivalence [Kuhl et al., 1992]. The
input distributions for the functionally defined nonspeech categories presented to our
subjects in the experiment described above were rectangular with no correlational
structure. This may be why our subject found these categories rather difficult to learn.
What happens if we add statistical information? Does this change the type of learning
involved?

Functional-Statistical Category

As mentioned above, speech-sound categories are good examples of categories
that are functionally and statistically defined. Of course, it is difficult to study the for-
mation of speech-sound categories in humans because it is difficult to ethically control
input or to get a valid measurement of what input a child or second-language learner
actually receives. However, one can control precisely the input to a nonhuman animal
and, thus, study the response structures arising from functional-statistical category
formation (with the presumption that animal and human perceptual categorization
processes are fundamentally similar). My colleagues at the University of Wisconsin
and I have run such a study [Kluender et al., 1998].

Birds (European starlings, Sturnus vulgaris) were trained to peck in response to
exemplars from one vowel category (e.g. /i/) and to refrain from pecking when pre-
sented exemplars from a second category (e.g. /1/). The exemplars were chosen from
stylized distributions and varied in first (F;) and second (F) formant frequencies. The
birds were reinforced for pecking to exemplars from one of these distributions (the pos-
itive response category was randomly assigned to each bird). That is, the categories
were defined functionally; all sounds in the /i/ category were to be responded to equiv-
alently (by pecking the key). In addition, there was statistical information about cate-
gory boundaries in the input distributions during training. The vowel distributions were
nonoverlapping. The area around the centroid of each distribution (in Fx F, space) was
more densely sampled (though the true centroid of the distribution was not presented
during training) and fewer exemplars were sampled from the boundaries of each distri-
bution. Thus, one could detect the categories by differentiating input density across
FyxF, space. Could this information affect avian categorization of vowel distributions?

After less than 100 h of exposure to this task, the birds were tested on the cate-
gories. They demonstrated excellent categorical behavior. Peck rates to positive vowels
(e.g. /i/) were substantially higher than pecks to negative vowels (e.g. /1/). The birds
casily generalized their responses to novel exemplars from the categories (e.g. pecking
to an /i/ exemplar with F, and F, values that were never presented before). Because
of control conditions within the experimental design, we could determine that birds’
responses were due solely to their experience with the sounds and reinforcement con-
ditions. Certain pairs of stimuli were part of a single category for some birds, but strad-
dled two categories for other birds. Starlings for whom the pair members fell within
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distinct categories pecked differentially to the pair members, indicating that they were
able to discriminate the two. Birds who had been trained to equate the exact same stim-
uli responded to them equivalently.

The birds also showed a gradient in their response structures. They pecked far
more vigorously to positive stimuli that were maximally separated in the FyxF, space
from negative stimuli (e.g. stimuli with high F, and low F; if the positive vowel was /i/)
than to stimuli that were near the boundary with the other category. This gradient in
response may be a general consequence of learning a functional equivalence class.
Classic work in discrimination learning describes results in which responses to a posi-
tive stimulus tend to strengthen as one moves away from the negative stimulus [e.g.
Spence, 1936, 1937, 1952, 1960; Hansen, 1959; Mackintosh, 1995]. Thus, a response
gradient may be a fingerprint of the processes involved in forming functionally defined
perceptual categories. Do we see this gradient in human speech categories?

Additional data from this project demonstrates that a similar structure is appar-
ent in responses of humans judging the representativeness or ‘goodness’ of vowels
[Kluender et al., 1998]. We presented human adults with the same vowel distributions
that were presented to the birds. Human listeners judged the stimuli in terms of ¢ good-
ness’ as exemplars of the English vowels /i/ and /1/. The responses of the adults showed
a gradient similar to that exhibited by the birds. The best /i/ exemplars were judged to
be those furthest from the /1/ distribution (i.e. low F; and high F,). Interestingly, these
exemplars of /i/ would be very rare in natural speech because vowels are often reduced
(moved away from the extremes of the FxF, space) in normal speaking contexts
[Lindblom, 1963; Johnson et al., 1993]. Other rescarchers have found similar gradients
in human perceptual responses to vowels [Johnson et al., 1993; Aaltonen et al., 1997;
Lively and Pisoni, 1997]. In all cases, listeners appear to prefer vowels that are maxi-
mally distinguished from competing vowel categories. Thus, this gradient may be a
nice example of the fingerprint of general mechanisms underlying learning of func-
tionally defined categories.

Besides this gradient, there was a second salient feature present in the structure of
birds’ pecking responses. Birds tended to peck more to the exemplar at the centroid of
the positive distribution than to more remote exemplars. (This resulted when averaging
across all stimulus tokens of the distribution. On a token-by-token basis, the highest
peck rates were not at the centroid, but at the extremes of the space. This latter finding
defines the gradient as described above.) This is despite the fact that the bird had never
experienced the centroid stimulus during training. This pattern of responses is similar
to patterns that have been used as justification for prototype models of classification in
the general categorization literature [Posner and Keele, 1968: Rosch, 1973, 1988]. This
prototype structure is interesting because it demonstrates that the birds learned some-
thing about the structure of input distributions. The centroid stimulus came from the
most densely sampled region (in F;xF, space) of the input distribution. Birds’
responses reflected this statistical fact of the distributions, although it was not neces-
sary for the birds to learn about the statistical structure of the input to perform the task
correctly. The functional equivalence classes that the birds were to learn could be
defined by a simple (linear) boundary in stimulus space. Nonetheless, there was evi-
dence that birds’ responses were affected by statistics of the input structure; the birds
seemed to pick up statistical information about the task incidentally. This is consonant
with many recent findings demonstrating an amazing ability for adult and infant
humans to learn statistical information (e.g. transitional probabilities) in auditory
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streams, even when the information is unrelated to any current task [Saffran et al.,
1996, 1997, 1999].

Thus, it may be that the prototype in the response structure is a fingerprint of the
general processes underlying the formation of statistically defined categories. Do we
see anything like this in human speech sound categories? Yes. Similar prototype struc-
tures were also present in the ‘goodness’ ratings of our human adult subjects for the /1/
vowel distributions used in the avian learning study. In fact, the agreement between the
birds’ responses and the humans’ judgments was quite amazing. The correlation coef-
ficient across vowels was r = 0.99 and the average  within any particular vowel distri-
butions was about 0.7. Both humans and birds demonstrated gradients (indicative of
functionally defined categories) and prototypes (indicative of statistically defined cat-
egories). We were also able to model these response structures fairly successfully with
a simple linear associator (conceptualized as a neural network). Together these data
suggest that general categorization processes may play a role in the development and
maintenance of phonetic categories.

Conclusions

These previous experiments serve as initial attempts to discover the kinds of
effects that general learning processes may have on the form of speech categories.
They have demonstrated that prototype effects and solutions to the lack of invariance
problem may be delivered by general processes of categorization. Additionally, recent
work on computational models of learning suggests that decreased intracategory dis-
crimination or categorical perception is an expected result of any categorization
process [Damper and Harnad, in press]. One may note that lack of invariance, proto-
types, and categorical perception are all concepts that one time or another have been
proposed as evidence for specialized mechanisms for speech perception. Research on
general categorization processes offers hope of a parsimonious explanation for all these
phenomena. With continuing work on the systems of learning and audition, GALA
now holds promise as a coherent and integrated framework for understanding structure
and function in speech.
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