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Introduction 

Psychological research in auditory perception has been polarized into psycho
acoustics and cognitive psychology. Yet segregating "low level" and "high level" 
processing prevents us from exploring the existence of common principles. In this 
paper I will briefly sketch how similar principles of learning and processing may 
underlie auditory phenomena at many levels. Tbis approach would compel us to 
question the easy invocation of mental representations when psychoacoustic 
phenomena may suffice. It would also compel a renewed examination of psycho
acoustic phenomena that are context sensitive and thought to be processed centrally 
rather than peripherally. 

The proposed common principle encompassing many low and high level auditory 
processes is neural self-organization. Self-organizing or unsupervised neural nets 
have been studied by Grossberg (1970,1972,1976), vonder Malsberg (1973); and 
Fukushima (1975), and more recently by Kohonen (1984) and Rumelhart and Zipser 
(1985). They are capable of pattern recognition and pattern completion following 
passive perceptual learning. In the study of music cognition, networks of this kind 
have been employed elegantly by Gjerdingen (1989, 1990) to explore the learning 
and recognition of sequential patterns that characterize musical styles. These models 
are in the spirit of early neural models that map auditory features onto more abstract 
musical categories (Deutsch 1969; Pitts and McCulloch 1947). 

There is considerable debate about the theoretical status of neural net models, 
so a word is in order about the role they play in our research. Recent advances in 
our understanding of neural nets have pertained to their ability to learn. The logic 
of the theoretical perspective advanced here is thus as follows. Given fundamental 
constraints on neural architecture and general purpose neural learning mechanisms, 
and given passive extended exposure to an auditory environment that is structurally 
constrained - physically as well as culturally: (1) what aspects of this structure can 
plausibly be learned, and (2) what phenomena emerge as an automatic consequence 
of how these learned codes influence subsequent perception? If phenomena 
automatically emerge from the passive learning of environmental structure, then, 
on of grounds parsimony, the learning hypothesis is to be preferred to the postulation 
of innate or ad hoc mechanisms. 

The models discussed here are primarily models of learning and computational 
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process based on general neurophysiological assumptions and only secondarily 
models of actual neural connectivity. That is not to say that such models do not also 
serve as models of specific neural connectivity. In particular, they generate 
hypotheses about the kinds of neural feature detectors to look for when recording 
from the brain, and they also provide hypotheses for the kinds of dissociations one 
might look for in studies of neurological patients. 

Most importantly, neural nets have pattern completion properties that lead to 
Gestalt phenomena. After becoming familiar with patterns, a network will complete 
or fill out a partial or degraded pattern. This approach is thus consistent with many 
ofT erhardt's (1974) insights. 

I shall sketch how self-organization can be employed to understand how the 
extraction of chord and key information is learned and how the extraction of pitch 
is learned. The first is a "high level" - traditionally cognitive - process and the 
second is a "low level" - traditionally psychoacoustic - process. 

Neural SeH-Organization 

Neural self-organization is a learning procedure ideally suited to passive perceptual 
learning. In the context of the present work, it can be sketched as follows. One 
assumes a layer of neural units (input units) that are feature detectors. In the network 
that learns to extract chord and key information, these are octave-equivalent pitch 
units. In the network that learns to extract pitch, these are frequency-tuned cochlear 
neurons. 

Each input unit is connected to each unit in a second layer of units (output 
units) that initially do not have any particular tuning or feature-detecting properties. 
Self-organization consists of changing the strengths of the synaptic connections 
(weights) from the input to the output so that the output units become tuned to 
(feature detectors for) entire patterns of activation in the input. 

Each output unit has a vector of weights feeding into it (one weight for every 
input unit). Each stimulus pattern is a vector of activations across the input units. 
The weight vectors of the output units and the activation vectors of the stimuli can 
be represented in the same vector space with appropriate normalization, since both 
have the same number of elements (i.e., the number of input units). The output unit 
that is activated most strongly by a stimulus is the one whose weight vector is 
closest in angle to the stimulus vector. This winning output unit gets to learn. 
Learning is essentially Hebbian (Hebb 1949): weights to the winning output unit 
are strengthened if they connect with strongly activated input units and are weakened 
if they connect with weakly activated input units. This increases the likelihood that 
the same output unit will win in response to this stimulus and similar stimuli and 
reduces the likelihood that it will win in response to dissimilar stimuli. This output 
unit thus becomes tuned to this stimulus. 

After learning a set of stimuli, the network becomes a pattern recognition device 
that will recognize these stimuli as well as stimuli similar to them. It will also 
endow degraded or novel stimuli with the properties of the learned stimuli to which 
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they are most similar, thereby achieving the pattern completion that is typical of 
Gestalt phenomena. 

Extracting Chords and Keys 

If the input units represent pitch classes, and if their activation decays gradually 
following the offset of the events that activate them, then units in the output layer 
will acquire the properties of chord and key detectors (Bharucha 1987, 1991, 1992). 
This happens in the following way. As each pitch event occurs in a musical sequence, 
the corresponding input unit is activated. Since this activation takes time to decay, 
the layer of input units serves as a memory of which pitch classes have occurred 
and to what extent. This memory essentially serves as a proftle of the key (Krwnhansl 
1990). 

Through self-organization, units in the output layer become detectors for entire 
patterns in the input layer, i.e., they become detectors for keys. If a sequence of 
tones does not contain all the diatonic tones, or if it does not confonn to any of the 
keys the network has learned, then the activation of the output layer will reflect the 
keys to which the sequence is most similar. 

If the rate of decay of activation at the input layer is made more rapid, then the 
input layer will represent tonal patterns over shorter temporal windows, for example, 
chords. In this case, units in the output layer become detectors for chords. 

In the case of both keys and chords, the network will exhibit pattern-completion 
behavior. If activation is allowed to flow back from output units to input units, then 
pitch classes that are missing from a sequence but are typical of the key or chord 
will be activated through top-down processing (Bharucha 1987). In other words, a 
listener may think he or she heard a pitch that did not actually occur, if that pitch 
typically occurs in that context. 

Extracting Pitch 

The most interesting pattern-completion phenomenon in pitch perception is the 
pitch that is heard when the fundamental frequency is missing. Since the early 
1970s the prevailing view has been that the missing fundamental is a result of a 
pattern processing system that fills out the incomplete harmonic spectrum (Gold
stein 1973; Terhardt 1972, 1974, 1979; Wightman 1973). Early theories that 
explained the phenomenon in tenns of peripheral mechanisms such as distortion 
(e.g., Helmholtz 1885/1954) have been rejected by at least three classes ofevidence: 
(1) the missing fundamental cannot be masked by noise in the fundamental's critical 
band (Licklider 1954); (2) it can be induced by dichotic presentation of subsets of 
harmonics (Houtsma and Goldstein 1972); and (3) the synthetic pitch sometimes 
corresponds to neither the fundamental nor other distortion products in the case of 
pitch shifts (de Boer 1956; Hennann 1912; Schouten et al. 1962). 
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The models of Goldstein (1973) and Wightman (1973) give a compelling account 
of aspects of pitch perception, but assume a mechanism for either rmding the fun
damental or perfonning Fourier transformations. Terhardt's (1974, 1979) model is 
a substantial advance because it postulates that this knowledge is learned. Terhardt 
suggested that we develop harmonic templates from our exposure to speech (vowels, 
in particular). 

According to Terhardt's theory, a signal is matched to learned hannonic templates. 
The lowest component of each template that produces a match is heard as a virtual 
pitch. The missing fundamental is heard as a virtual pitch because the upper 
harmonics are sufficient to produce a strong match to the template of the same 
fundamental. Vutual pitches other than the fundamental are also generated because 
of weaker matches. These tend to be subharmonics. 

Terhardt (1974) proposed a learning circuit in which the lowest spectral 
component is extracted and feeds into a pathway that generates a virtual pitch at 
that frequency. The simultaneous occurrence of the lowest spectral component with 
higher components lowers resistances connecting the higher components to the 
same pathway. 

A self-organizing neural net can achieve the same result without presupposing a 
privileged role for the lowest component. Furthermore, it has cognitive generality 
beyond pitch perception. 

In the self-organizing model, units in the input layer layer are modeled after 
frequency-tuned neurons found in the cochlear nerve (Rose et al. 1971). Units in 
the output layer develop tuning characteristics through self-organization following 
experience. The first layer represents the spectrum of frequencies and the second 
layer represents pitch. The network is presented with harmonic spectra over the 
speech range, and through self-organization the weights feeding into the pitch units 
adapt themselves to the harmonic patterns. The weights feeding into each pitch 
unit take on values that are proportional to the activity levels of the frequency units 
to which they are connected. In other words, the weight vector feeding into each 
pitch unit becomes similar to the harmonic pattern that is heard with that pitch. 
Since the fundamental is the strongest frequency in most harmonic stimuli, the 
strongest weight will be from the fundamental frequency to the corresponding pitch 
unit. 

Following learning, the network is presented with tones missing their 
fundamentals. In spite of the absence of the fundamental frequency, the pitch 
corresponding to the fundamental emerges as the strongest at the pitch layer. This 
is because the remaining harmonics are sufficient to make the spectrum more similar 
to the original stimulus with the corresponding fundamental than to any other ori
ginal stimulus. The pitch layer shows activity levels that reflect relative similarity. 
Consequently, pitches corresponding to harmonics and subharmonics are also 
activated. 
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Conclusion 

The same process, nemal self-organization, can account for pattern recognition 
phenomena at many levels. This approach has the promise of unifying the 
explanations offered for traditional psychoacoustic phenomena as well as more 
recently studied cognitive phenomena. 
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