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Abstract

A biologically realistic neural network model is proposed for the binaural processing
of interaural-time and level cues that closely resembles computational schemes suggested
for stereopsis in vision. The network requires no neural delay lines to generate such
attributes of binaural hearing as the lateralization of all frequencies, and the detection
and enhancement of noisy signals. The two-dimensional network measures interaural
differences by detecting the spatial disparities between the instantaneous outputs of the
two ears. It achieves this by comparing systematically at various horizontal shifts, the
spatiotemporal responses of the tonotopically ordered array of auditory-nerve-fibers.
An alternative view of the network operation is that it computes approximately the
cross-correlation between the responses of the two cochlei by combining an ipsilateral
input at a given CF with contralateral inputs from locally off-CF locations. Thus,
the network utilizes the delays already present in the travelling waves of the basilar
membrane to extract the correlation function. Simulations of the network operation
with various signals are presented; Physiological arguments in support of this scheme

are also discussed.






1. Introduction

Many attributes of spatial hearing fundamentally require the processing of binaural cues.
This is particularly true of lateralization and signal detection and enhancement - two phenom-
ena which have been the subject of intensive multi-disciplinary research for several decades
(Blauert [1983]; Durlach and Colburn [1978]; Green and Yost [1975]). Numerous compu-
tational and phenomenological models have been proposed to account for the experimental
psychophysical and neurophysiological data and to elucidate the underlying processes gener-
ating them. A basic operation in all these models involves the extraction and exploitation of
a measure of similarity (or dissimilarity) between the inputs to the two ears. The models dif-
fer, however, in the detailed nature of this operation, e.g. there are correlation-based models
(Lickleider [1951]; Sayers and Cherry [1957]), equalization and cancellation models (Durlach
[1972]), and count comparison models (Colburn and Durlach [1978]).

Correlation-based models have been successful in accounting for the widest range of binau-
ral phenomena, and in providing a theoretical framework for investigations into the physiolog-
ical bases and neural networks that can perform these functions. The primary computational
structure in these models is the cross-correlator which generates a measure of the correlation
of activities arriving from the two ears. There are many variants of these algorithms, differ-
ing primarily in the details of cochlear frequency analysis, and in the nature of the variables
at the inputs of the cross-correlator (e.g. using stochastic point process models (Colburn
and Durlach [1978)) or continuous deterministic functions (Bilsen [1977]) to represent the
responses of the auditory-nerve). These diflerences aside, however, the correlator in all cases
computes, at various time-lags, a running cross-correlation measure of the cochlear outputs
from corresponding or equal characteristic frequency (CF) locations on the two ears. Com-

bining such functions from all output pairs at other CFs, a two-dimensional cross-correlation



image results in which one axis represents the CFs of the cochlear outputs, and the other
represents different lags or delays. Details of these output patterns would then reflect the
sound spectral and lateralization information along its two axes (Blauert [1983]; Colburn
and Durlach [1978]). For instance, for a binaural tone, a peak of the correlation function
appears at the CF corresponding to the frequency of the tone, and at the lag corresponding
to the delay or phase-shift between the two ears. All this is strictly applicable to interaural-
time-differences for low frequency sounds (< 1.5 kHz) or, with appropriate modifications, to
slowly varying envelopes of high frequencies. For spatial hearing based on interaural-level-
differences, various mechanisms have been proposed to augment the above correlation models,
especially for high frequency sounds (Blauert [1980}]).

In searching for the neural substrate of the correlation algorithms, the most common
assumption has been to associate the various lags required in the computations with neural
delays (Jeffress [1948]), e.g. neuronal pathways of differing lengths or latency effects. Fig.la
illustrates a typical network based on these principles. Thus, following the frequency analysis
of the cochlea, each output fiber projects to the central cross-correlator with precise topo-
logically ordered range of delays that allows its correlation with the contralateral output at
the same CF to be computed. Much psychophysical and neurophysiological data have been
interpreted in support of this hypothesis. However, there is as yet no direct anatomical or
physiological support of the existence of this type of network, or of the essential functional
relevance of any neural delays. Furthermore, the available data could be interpreted in the
contexts of other models, as evidenced by the multiplicity of the proposed models (Colburn
and Durlach [1978]). Therefore, it should be emphasised that the idea of neuronal delays
did not arise out of a compelling experimental evidence, but rather to satisfy a literal inter-
pretation of a convenient mathematical formulation (the correlation model) which is coupled
to a highly schematic view of cochlear function as merely a bank of bandpass filters. How-
ever, as we shall elaborate in this report, detailed features of the spatiotemporal responses
of the auditory-nerve encode the binaural cues in a manner which makes further neuronal
delays completely redundant. By processing these response features, simple alternative net-

work topologies requiring no such delays may approximate the function of the hypothetical
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correlation models.

In the following sections, we shall present a simple, biologically realistic, neural network
to account for the psychophysical attributes of two aspects of binaural hearing - lateralization
and signal enhancement. Because of the fundamental similarity that emerges between this
network and the type of computations proposed for stereopsis in vision (Marr and Poggio
[1979]), we will refer to it as the stereausis network. In section II, we shall outline the
topology of this network and the basic principles underlying its operation. In section III, the
network outputs are interpreted for a wide range of tasks, and the results are finally discussed

in section IV.

II. The Stereausis Network

It is difficult at present to find conclusive evidence in support of any neural network model
for binaural processing. At best, one may show that relevant physiological, anatomical, and
psychophysical data are consistent with various aspects of the model and, furthermore, that
the basic design criterea are in harmony with the fundamental principles of organization
in the auditory system. The following are a few of the guiding principles that led to the

stereausts network:

1. The primary pathways of the auditory system maintain their tonotopic (and hence
topographic) order through several central nuclei and up to the cortex. This emphasizes
the importance of the spatial dimension in auditory processing at all levels (Keidel and

Neff [1975]).

2. The fine temporal structure of the responses on the auditory-nerve is crucial in binaural
processing. It is largely preserved in the responses of the Bushy cells of the anteroven-
tral cochlear nucleus (AVCN) which in turn project, partially via the Nucleus of the
Trapezoid Body (NTB), to the nuclei of the superior olivery complex (SOC), where sig-
nificant binaural interactions are first recorded. The binaural networks that utilize this

temporal information are presumably located at this level (Yin and Kuwada [1984}).

3. Given the inherent variabilities in nerve cell properties, the network operation should



be robust with respect to parameter variations.

4. It is unclear at present whether separate or identical binaural networks and pathways
are involved in the processing of interaural-level and interaural-time-differences. Never-
theless, in view of the similarity of the intended psychoacoustical attributes (e.g. later-
alization) it would be desirable to demonstrate the possibility that either one network
is capable of gracefully processing both types of cues, or that closely related network
architectures underlie their processing. This applies both to continuous (onging) and

to onset interaural differences.

5. Finally, the network should be able to encode ‘naturally’ other more complex attributes
of spatial hearing such as diffuseness and compactness of sound, enhancement of noisy

signals, and the integration of different source cues.

A simple neural network is proposed that largely adheres to the above principles, and does
not require any neuronal delay lines to perform its processing. The basic functional principle
underlying the network operation is that binaural cues can be derived soley from the spatial
disparities in the traveling waves of the two ears. For instance, a low frequency tone produces
in each cochlea a spatially distributed travelling wave which is projected relatively intact unto
the responses of the spatially ordered array of auditory-nerve-fibers!. At any instant in time,
the central binaural processor receives two spatial smages (or snap-shots) of the travelling
waves, one from each ear, via the pathways of the AVCN. When the tone is centered, the
images are identical; For binaurally unequal signals, however, the travelling waves differ
systematically. Thus, when the tone is phase-shifted (or delayed) in one ear relative to the
other, the images appear correspondingly shifted. Since this spatial disparity between the
travelling waves is proportional to the temporal delays between the two ears, the binaural
processing of all interaural-time-differences can be reduced to purely spatial operations. The
same arguments apply to spatial disparities due to interaural-level-differences which affect

the relative amplitudes of the travelling waves. As we illustrate in later sections, many other

!Because of hair cell transfer characteristics, the travelling wave image undergoes several modifications which
include rectification, saturation, and lowpass filtering (see appendix A1). The effect of all these factors are taken
into account in the analysis presented in this paper.



possible inequalities in binaural inputs, e.g. in their envelopes, degree of correlation, or
bandwidths, can be readily detected and consistently represented via the spatial disparities

between the resulting travelling waves.

The topology of the stereausis network

The binaural processing network is presumably located in the SOC (e.g. the MSO, the
LSO or a combination of both). It receives tonotopically ordered inputs via the AVCN.
It is crucial that this pathway preserves the fine temporal structure of the auditory-nerve
responses. In the simulation results shown in this paper, the input patterns are generated
using a simplified biophysical model of the basilar membrane and inner hair cells (Shamma
et al. [1986]). The nerve responses are represented by the instantaneous probability of fir-
ing computed from the cochlear model (Shamma [1985b]). Fig.2 shows an example of the
responses of this model to a 600 Hz tone (for details of the model parameters and computa-
tions, see (Shamma et al. [1986]) and appendix A1). The stereausis network combines the
ipsilateral and contralateral cochlear outputs in a simple ordered matrix of operations as
shown in Fig.1b. Thus, at the (:**, 7**) node the responses of the ¢** ipsilateral fiber (z;) and
the j** contralateral fiber (y;) are combined to produce ¢;; = C(z;,y;). C(.,.) here computes
a measure of the correlation between the instantaneous activity of its two coincident input
fibers. In this manner, the cochlear responses at a given CF location in one ear (e.g. z;)
is systematically correlated with outputs from CF and of-CF cochlear fibers of the other
ear (e.g. ¥i-1,%,Yi+1,...)- The significance of this arrangement for the cross-correlation com-
putations, as we shall elaborate later, is that because of the finite velocity of the travelling
waves, delayed versions of the responses at a given CF can be obtained from off-CF fibers
in the local neighborhood of the CF, and not necessarily through further neuronal delays
(Pfeifer and Kim [1975]; Shamma [1985b]); This possibility seems to have been first proposed
by (Schroeder [1977]). An alternate view of these operations is that the stereausis network
computes along its different diagonals (parallel to the centered diagonal shown in dashed
lines) the correlation of the two cochlear images at different lateral spatial shifts. Thus, along

the center diagonal (cxx axis in Fig.1b), the cochlear patterns are spatially registered; Off



this diagonal, however, and along axes parallel to it (e.g. cix+1 and cix—1 axes), the output is
computed from inputs that are horizontally shifted relative to each other. In this sense, cells
along each of these axes act as disparity detectors for a characteristic lateral spatial disparity.

As we shall discuss in more detail shortly (and in the appendix A2), the network outputs
(e;;) are further processed through simple spatial lateral inhibitory and excitatory interactions
to enhance the final patterns. In order to facilitate the presentation of the results, the output
patterns are finally averaged over a short time interval (typically 10 msec, which may also be
thought of as the time constant of the output neurons). Note that the C(.,.) function reflects
not only the operations expected to take place in the appropriate physiological structures
(e.g. MSO or LSO) but also incorporates other possible transformations along the way (e.g.
a change of sign in NTB). The exact form of this function is unimportant provided it generates
a consistent correlation measure of its half-wave rectified inputs (x,y). We shall illustrate
primarily the results for ¢;; = g(z; —y;) where g(.) is a threshold operation: g(z) = maz(z,0).
Final outputs, however, with ¢;; = z; + y; and ¢;; = z;.y; will also be illustrated in a few

cases for comparison.

Ezamples of the network outputs for synthetic patterns

In order to highlight the major features of the network operations and the nature of its
output representation, we shall first illustrate its responses to two simple travelling patterns of
activity mimicking crudely the cochlear waves. Figs.3a-b show the network averaged outputs
(computed with ¢;; = z;.y;) for a single peak sweeping the spatial axis of the two inputs. In
Fig.3a the inputs are identical at all times, and consequently the trajectory of the maximum
correlation occurs at units along the diagonal AB. When a peak is delayed in one input
relative to the other (e.g. ipsilateral lags in Fig.3b), the location of the maximum shifts
proportionately reflecting the magnitude and direction of the instantaneous disparity of the
input patterns. In this way, the network effectively operates as an ordered array of disparity
detectors that sense and evaluate the temporal delays between the two inputs by virtue of the
accompanying spatial disparities they produce.

Figs.3c-d illustrate the outputs for two travelling peaks a distance D apart. As before,



when the inputs are centered (Fig.3c), the units along the diagonal AB become maximally
activated. Two parallel, but smaller secondary maxima, also emerge at cells that correlate
spatial locations separated by the same distance D. In Fig.3d, a relative temporal delay
between the input patterns (ipsilateral pattern leading) causes a displacement of the entire

output as expected.

The network outputs with a continuous low frequency tone

A low frequency tone evokes a travelling wave that is conveyed to the binaural network via
the phased-locked responses of the input pathways. The responses of the binaural network
with this input are qualitatively similar to those discussed above in that a primary correlation
maximum emerges, accompanied by several secondary peaks due to the multiple peaks within
the envelope of the travelling wave (Figs.4). In addition, The responses exhibit two unique
features related to the amplitude and phase characteristics of the cochlear filters (Figs.4b-c):
(1) The output activity is concentrated around the CF location specific to the tone (CF =
600 Hz in this case). Varying the frequency of the tone would cause the active region to move
along the spectral azis of the network, i.e. along and parallel to the AB diagonal. (2) The
secondary maxima of the network outputs appear to converge towards the primary maximum
(located along the AB diagonal in Fig.4b). This is due to the rapidly increasing slope of the
phase function of the travelling wave, and the accompanying decrease of the spatial separation
of its peaks, near the point of resonance.

The spatial spread of these outputs reflects the bandwidth of the cochlear filters. The
patterns can be readily ‘focused’ with a somewhat elongated ON-center/OFF-surround mask
(i.e. a two-dimensional lateral inhibitory network) that is applied uniformly to the entire
binaural ¢;; output (see appendix A2). This operation enhances the display by reducing the
spread of the patterns and relatively boosting the outputs parallel to the AB diagonal. In
all the illustrations that follow, this operation will be applied to the c;; outputs before taking
the final short time averages. Purely for computational convenience, the mask is applied here
in a nonrecursive (feedforward) manner; Qualitatively similar results can be obtained with

recursive (feedback) connections (see appendix A2).



When an interaural-time-delay is introduced, the travelling waves of the two ears become
relatively delayed, causing a spatial disparity between the binaural inputs to appear (Fig.4a)2.
Disparities may also be caused by interaural-level-differences. In either case, the binaural
network reflects the presence of these cues by changes in the output patterns (Fig.4c). The

results of these and other manipulations will be discussed in detail in the next section.

Summary

To summarize, interaural-time and interaural-level-differences result in spatial disparities
between the instantaneous responses of the two ears. A simple binaural network of cells
correlating the cochlear responses of different locations along the tonotopic axis can detect
and compute the binaural cues of the signal. There are two major axes of information in the
network: (1) The disparity or lateralization azis: Activity projected against this axis encodes
the perceived lateralization of the auditory event. (2) The spectral (CF) azis: activity on this
axis reflects the spectrum of the stimulus. Therefore, in an approximate sense, each cell in
the network responds maximally to a characteristic spatial shift, at a characteristic frequency.
In the following sections, we shall interpret the two dimensional response patterns relative
to these two axes. We will also discuss further transformations of these outputs that lead to

more abstract representations of the stimulus parameters.

II1. Binaural processing in the Stereausis Network

In this section, we shall illustrate the outputs of the binaural processor for a wide range
of typical, psychoacoustically well studied, set of stimuli. All results shown can be computed
using C(z;,y;) = g(zi—y;) and C(z;,y;) = zi+y;. These operations are most likely performed
at the LSO and the MSO respectively. Since for the subtraction, ¢;; exhibits minima (rather
than the maxima) at the points of maximum correlations, we shall apply an OFF-center/ON-
surround mask which, in addition to sharpening the final outputs, will reverse the polarity of

the display®. Details of the mask and other computations are given in appendix A2.

2Note, that since the envelope of the travelling wave remains unaltered when a pure ITD is introduced, the
corresponding spatial disparity does not precisely correspond to a relative horizontal shift in the waves (as was
the case earlier for the synthetic patterns), but rather to a slightly distorted shift in the fine structure (within
the envelope) of the wave. .

8Clearly, reversing the polarity of the display here is not meant to have any physiological significance, but is
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The responses to six classes of stimuli are illustrated below. The first five emphasize
so-called onging cues, i.e. binaural processing of continuous sound. The last example deals

briefly with transient cues. The processing conditions are:
1. Lateralization of low frequency tones (< 1.5 kHz): Interaural-time-delays (ITD).
2. Lateralization of high frequency tones: Interaural-level-differences (ILD).
3. Time-level trading for low frequency tones.
4. Lateralization of complex sound stimuli: Signal envelope cues.
5. Detection and enhancement of tones in noise.

6. Onset cues.

1. Lateralization of low frequency tones (< 1.5 kHz): Interaural-time-delays (ITD)

Low frequency tones can be lateralized through pure interaural delays (or phase-shifts).
Figs.5 and 6 illustrate how the stereausis network represents these percepts for 600 Hz and
1100 Hz tones at 0,7/3,2n /3, phase-shifts. In order to highlight the changes in the output
patterns for different delays, cross sections along the disparity and spectral axes are also shown
in the insets®. For the centered tones, a dominant peak of activity appears along the AB
diagonal (zero disparity). When a tone is binaurally delayed, the pattern shifts accordingly,
and the relative height of the primary to secondary peaks decreases gradually. At = shift,
the two peaks are equal and on either side of the midline. With further shifts, the previously
secondary image moves further towards the center and becomes now the dominant peak.
The periodic behavior of these patterns and the appearance of multiple confusing images
at = phase-shifts correspond closely to the lateralization of continuous low frequency tones

performed by human and animal subjects (Durlach and Colburn [1978}; Sayers [1964])).

done simply for the convenience and consistency of the display throughout the paper.

4The disparity plot is always generated by collapsing (unto the bar shown) the local patterns of activity
below it (the band of collapsed activity is 12 points wide, basal to the bar). This roughly corresponds to the
spatial extent of the cochlear responses due to the stimulus, i.e. the spread of its travelling wave envelope. The
spectral axis is generated by collapsing unto the AB diagonal a region of activity, 10 points wide on either side.
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There are two basic differences between the network outputs to the 600 Hz and 1100
Hz tones: (1) The spectral peaks (which remain stationary for all plots) are located at
different CF's reflecting the frequencies of the tones. (2) The disparity peaks are more spatially
separated in the case of the 600 Hz tone. The latter occurs because the spatial phase functions
of the travelling wave are steeper for higher frequencies (Pfeifer and Kim [1975]). This brings
up the important question of how to interpret the magnitude of the shifts in disparity plots.
To answer this question, we first re-iterate that the cells of the stereausis network are spatial
disparity detectors, i.e. they are tuned to specific horizontal shifts of their binaural inputs.
Since, as we argued earlier, an ITD causes a corresponding spatial shift in the fine structure
of the travelling wave patterns on the two ears, then different stereausis cells will respond
to different ITDs. The mapping of different ITDs to equivalent spatial shifts is independent
of frequency only if the velocity of the cochlear waves as a function of space remains the
same for all tones (except for a frequency-dependent spatial translation). This is true to
a first approximation (Dallos [1973]), and consequently the stereausis cells may display, in
addition to their spatial disparity tuning, a sensitivity to characteristic ITDs. It seems,
therefore, reasonable to interpret the disparity axis as absolute lateral positions in space (and
approximately as different ITDs), and thus associate directly the shifted peaks of the disparity
plots with lateralized auditory images. Furthermore, if we associate complete lateralization
in space with the positions of the peaks of the = shifted 600 Hz tone (i.e. maximum ITD =~
.7-.8 msec (Colburn and Durlach {1978])), then it becomes immediately apparent why higher
frequencies (with their closely spaced disparity peaks in Figs.6) cannot be fully lateralized.

This also explains why lower frequencies are completely lateralized at smaller phase-shifts

(Sayers and Toole [1964]).

2. Lateralization of high frequency tones: Interaural-level-differences (ILD)

phase-locking in the responses of the mammalian auditory-nerve deteriorates for frequen-
cies beyond 1.5-2 kHz and little is preserved above about 3-4 kHz (Johnson [1974]). A high
frequency tone, therefore, evokes a response with a spatial profile reflecting the envelope of

the travelling wave, but not its phase. Consequently, the stereausis network is insensitive to
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ITDs at these frequencies. An ILD, however, does create disparities between the amplitudes
of the profiles of activity from the two ears. This in turn evokes a response pattern (c;;)
which is asymmetric with respect to the diagonal AB. The final network representation of
this imbalance (following the lateral inhibitory mask) is somewhat different from, but still
consistent with, that due to the ITDs. Examples of the network responses with a 4 kHz tone
(using the addition operation, ¢;; = z; + y;) are shown in Figs.7. When the binaural inputs
are identical (centered tone), a symmetric (with respect to AB) pattern of activity is evoked,
whose two edges (one due to each input) are then extracted by the lateral inhibitory mask
and displayed in Fig.7a. When projected unto the disparity axis, a centered peak emerges.
Fig.7d illustrates the opposite extreme case of a monotonic ipsilateral input. Here, only the
weak horizontal edge of activity appears, intersecting the AB diagonal at the same CF as
before. The disparity plot reflects this asymmetry by a general broadening and a lateral shift
of the peak®. In between, increasing the input ILDs is systematically reflected in the relative
levels of the two extracted edges (and hence in the broadening and shifting of the dispar-
ity peak). This broadening of the network outputs is reminiscent of the increased width of
the perceived auditory event with increased ILDs reported in most psychoacoustical studies
(Sayers [1964]).

The stereausis network can process ILD cues similarly with ¢;; = g(z: — y;), but not
with the multiplicative ¢;; = z;.y; correlation. The underlying reason why the subtraction
and addition operations work is the consistent asymmetrical change of the output ¢;; around
the AB diagonal as a function of the ILDs. In the final display, the lateral inhibitory mask
emphasizes the pattern edges and their ILD-induced changes.

Finally, it is evident from the disparity plots of Figs.7 that the ILD lateralization derived in
this network is less accurate than that due to the ITDs. This is because the stereausis network
architecture, with its regular arrays of horizontal disparity detectors, is fundamentally suited
to detect and display accurately ITD disparities, i.e. disparities due to lateral shifts in the

cochlear patterns. A pure ILD, instead, creates binaural cochlear patterns that approximately

5Note that this disparity plot is but one measure of the asymmetry in the 2-dimensional response patterns
of the network. Its only (perhaps irrelevant) attribute, as mentioned earlier, is that the collapse is performed
over the region of maximum cochlear activity associated with the stimulus (i.e. spatial critical band).
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differ only in their relative amplitudes. Consequently, such vertical disparities between the
input patterns are not sharply detected by any one cell in the network; Rather, their influence
on the outputs is more broadly distributed. This may be sufficient to account for human
ILD-detection, although slightly different networks can be designed to be specially sensitive

to vertical disparities (see example 3 and discussion in section IV).

8. Time/Level trading for low frequency tones

For low frequency tones, both phase and amplitude disparities can be preserved in the
responses of the auditory-nerve, and hence detected by the binaural network. Therefore,
both ITD and ILD cues can influence the lateralization of the stimulus. Figs.8 illustrate
the effects on the network output of increasing the ILD of a centered tone (600 Hz). There
are two important regions of activity along the disparity axis: (1) The centered primary
peak whose location remains relatively fixed reflecting the zero ITD of the stimulus; (2) The
secondary peak which grows in relatively in height and broadens with the increase in the
ILD. Two interpretations of these results are possible. The first is to view the entire pattern
as a single broad auditory event with a center of gravity that is gradually lateralized as the
relative height of the secondary peak increases. The second interpretation, which is most
often reported by experienced subjects in similar psychoacoustical experiments (Whitworth
and Jeffress {1961]), is that of two auditory percepts - one remains in the middle of the
head (presumably associated with the primary peak), while the other migrates to the side
becoming more spatially blurred (reflecting the center of gravity).

The reason for the stability of the primary disparity peak and the sequence of ILD-induced
changes in Figs.8 can be readily understood in the context of the previous two examples. Thus,
as seen in the network outputs of Figs.5 and 6, a particular ITD establishes a characteristic
shift (disparity) and relative peak sizes in the patterns. An added ILD primarily causes an
imbalance in the outputs surrounding the primary peak, which now acts as the anchor point
(see Figs.7). The secondary (side) peaks, consequently, undergo asymmetrical growth and
broadening. This behavior of the disparity plots is very similar to the effects produced ILD-

dependent weighting of cross-correlograms often proposed to augment the ITD sensitivity of
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correlation-based binaural models (Blauert [1982])

4. Lateralization of complezx sound stimuls

The representation and lateralization of complex signals is essentially an extension of the
case of single tones above in that the disparities in the phase and amplitude of the complex
cochlear responses are processed similarly by the stereausis network. For instance, consider
the cochlear responses to the amplitude modulated (AM) high frequency tone shown in Fig.9a.
Here, the carrier frequency (3kHz) is too high to elicit any significant responses phase-locked
to its frequency. However, the slow sinusoidal modulation (100 Hz) of the carrier is well
reproduced in the modulation of its cochlear responses. As far as the binaural processor is
concerned, this AM signal appears roughly as a 100 Hz tone transcribed to the higher CF
locations. Consequently, any interaural manipulations of the envelope, e.g. inserting ITDs
or ILDs, will generate at the stereausis network outputs similar to those observed for single
tones earlier, except for being located near the CF of the carrier frequency (3 kHz) along
the AB diagonal. Figs.9b-c illustrate the outputs for a centered and a binaurally delayed
envelope (.5 msec, ipsilateral leading). Note the increased width of the peak in the spectral
plots reflecting the increased bandwidth of the stimulus (compared to the single tone cases
earlier).

In general, the ability to utilize the interaural cues of the envelope of a complex signal
(such as speech) depends critically on the details of its spatiotemporal representation in the
responses of the auditory-nerve, and hence on the shapes and bandwidth of the cochlear filters.
Thus, when the components of a complex sound are closely spaced (and hence unresolved by
the analysis filters), a rich temporal structure in the response (due to the inter-modulation
product) is expected, and sensitivity to ITDs is likely. The same lines of reasoning can be

applied to predict the influences of ITDs on the lateralization of broad-band noise signals.

5. Detection and enhancement of tones in nosse
One of the most well recognized functions of binaural hearing is the vast improvements
it affords in perceiving a particular signal in complex acoustic environments of many sound

sources (the so-called ”cocktail party” effect (Cherry [1953])). Extensive psychoacoustical
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investigations of this problem have been carried out using simple stimuli with well defined
auditory tasks, e.g. the detection of single low frequency tones in noise backgrounds of
varying degrees of binaural coherence (Durlach and Colburn [1978]; Hirsch [1948]). In Figs.10
we illustrate the processing and the nature of the outputs of the stereausis network in such
stimulus conditions. First, in Fig.10a (S,N, case) a centered tone (1100 Hz) in binaurally
coherent noise (bandwidth = .1-10 kHz; S/N = -10 dB) evokes, as expected of binaurally
identical signals, its maximal responses along the AB diagonal. Because of the low S/N ratio,
considerable noise background accompanies the peak due to the tone in the diagonal spectral
slice shown in the inset. When the tone or the noise is 7 reversed interaurally, a dramatic
improvement in the detection of the signal occurs psychoacoustically (10-15 dB relative to
S,N, case, around 200 Hz, and 5-10 dB near 1 kHz (Blauert [1983])). The representation of
these signals in the binaural network (Figs.10b,c) demonstrates the clear separation of the
two components of the complex along both the disparity and spectral axes. Thus, in Fig.10b
(S« N, case) reversing the tone (interaural 7 phase-shift) causes its binaural output to shift
off the noisy diagonal AB, and hence to stand out as a separate component. The opposit
situation is shown in Fig.10c (S,N, case) where reversing the noise reduces drastically its
output activity along the AB diagonal, distributing it instead, in part, randomly over the
network, and in part, along the 7 phase-shift diagonals. Therefore, the representation of the
centered tone is dramatically enhanced on the diagonal spectral slice (AB). These results
can be readily extended to explain many other binaural stimulus conditions, e.g. partially
coherent noise (Durlach and Colburn [1978]). The network response to a monaural tone
in binaurally coherent noise is depicted in Fig.10d. Here, the monaural stimulus excites

(relatively weakly) a band of units off the diagonal AB.

6. Onsetl cues

A stimulus onset is understood here to mean the short time interval near the beginning of
the signal where the stimulus envelope rises from a low to a high amplitude rapidly. Viewed
as such, the detection of interaural differences at stimulus onsets becomes a special case of

the binaural processing of signal envelopes (example 4 above).
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Rapid onsets (and offsets) create distinctive spatiotemporal response patterns on the
auditory-nerve which, as in the case of amplitude modulation, contain a rich temporal struc-
ture reflecting the wide-band nature of the cue. Fig.11a illustrates these patterns for a high
frequency tone (3 kHz). The stereausis network processes and represents the ITDs of these
patterns as in earlier examples - the major difference being the much shorter window for
time averaging (1.5 msec) used to generate the displays (see appendix A2). In Figs.11b-c
the signal is binaurally centered and the onset patterns arrive simultaneously to the binaural
network. When an ITD is introduced, a mismatch of the input patterns, and the outputs of
the network thus reflect the direction and magnitude of the ITD. Note that, because of the
absence of significant phase-locking to this high frequency stimulus, ongoing ITDs cues are

not useful for its lateralization.

IV. Discussion

A simple biologically realistic neural network is proposed as the central binaural processor
in the mammalian auditory system. It combines the spatiatemporal responses arriving from
the two cochlea via the tonotopically organized pathway of the auditory-nerve and AVCN,
and generates output patterns that reflect various attributes of spatial hearing. The network
detects and uses all perceptually significant binaural cues (e.g. ITDs and ILDs) by applying
exactly the same principle of operation - that is to compute systematically a measure of the
correlation of instantaneous activity from CF and off-CF locations on the two cochlea. An
important and distinguishing property of this network is that no neural delays are required
to perform its function.

There are two equivalent perspectives of the fundamental operation of the stereausis
network: First, in relation to previously suggested cross-correlation implementations and the
extensive literature and data associated with them; Second, in analogy to disparity detection
for stereopsis in vision. These two views have close parallels in the monaural processing
of cochlear responses by the lateral inhibitory networks (LIN) proposed earlier [spee2], i.e.
auto-correlation and edge-detection. Although there is no conclusive evidence in support of

any one model, the stereausis network is compatible with much of the physiological data
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already available from mammalian preparations and from the barn owl. In the remainder of

this article, we shall address these issues in detail.

Relation to correlation-based models

Correlation-based models have for a long time provided a coherent framework to interpret
substantial amounts of experimental results (Blauert [1983]; Durlach and Colburn [1978]).
Many computational algorithms have been proposed as possible physiological implementa-
tions of this operation. The basic components in all include a frequency analysis stage (pre-
sumably the cochlea) where the components of a complex sound are separated and transduced
unto different channels, followed by a cross-correlator (usually thought of as a coincidence
detector). The latter stage computes a running cross-correlation of the responses of fibers
originating from equal CF locations. If the correlation function is computed at different lags,
then such binaural cues as the ITD can be readily estimated as the lag corresponding to the
maximum of the correlation function; And, in order to map this function spatially, an ordered
array of delays is usually postulated as shown in Fig.1a (Jeffress [1948]). Further extensions
of this model have been proposed in order to detect and map ILDs (Blauert [1983]).

The stereausis network is in basic harmony with the philosophy of the correlation models.
The primary disagreement is on whether neural delays need to play any functional role in
the neural networks that might perform these binaural computations. This is because the
basilar membrane already acts as a "delay line”. Thus, when a tone excites a travelling
wave on the membrane, the phase-locked responses from a small CF region (near the point of
resonance of the wave) provide multiple versions of the tone waveform that are systematically
delayed relative to each other (Shamma [1985b]). This is a direct manifestation of the phase
function of the travelling wave, or equivalently, of the finite velocity of the wave on the basilar
membrane (Pfeifer and Kim [1975]; Shamma [1985b]).

Therefore, in order to correlate binaural responses at different lags, we need not insert
further delays, but rather correlate with fibers from slightly different CFs on the two ears.
This idea leads directly to the stereausis network topology shown in Fig.1b. This possibility,

in fact, has already been postulated to explain various aspects of the binaural responses of
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cells in the Inferior Colliculus (IC) (Yin and Kuwada [1984]), of binaural unmasking in the
"equalization and cancellation” theory (Schroeder [1977]), and as a mechanism for monaural
periodicity detection (Loeb, White and Merzenich [1983]).

From a theoretical standpoint, the cross-correlation computed by this method is somewhat
different from that obtained with pure (neural) delays in that the spatially delayed responses
are also weighted by the envelope of the travelling wave (see section II). This, together
with shape of the phase-function, dictate as illustrated in the results earlier, the range of
effective delays computable and their interpretation in the binaural spatial patterns. Those
are typically introduced in other models as ad hoc restrictions or parameters. Finally, as
we discuss in the next section, adopting this strategy for processing the ITDs immediately

extends to other interaural cues such as ILDs, onset cues, and signal envelope manipulations.

Disparsty detection and stereopsss tn vision

It has long been recognized that binaural processing of sound is functionally analogous to
depth perception in vision, that audition utilizes binaural disparities to perform this task the
same way the visual system detects and uses binocular disparities, and that certain auditory
specializations to preserve the temporal cues (e.g. the end bulbs of Held) are paralleled
by retinal spatial specializations (e.g. the fovea) (Yin and Kuwada [1984]). The stereausis
network takes this correspondence to its logical conclusion - that essentially the same network
topologies proposed for stereovision be used for binaural processing, e.g. (Marr and Poggio
[1979)).

In stereovision, depth information is derived from the disparities of the spatial images of
the same object on the retinas. The CNS may derive these cues using a simple ordered array
of disparity detector cells that correlate the binocular images at various horizontal shifts.
Depending on the original mismatch of the input images, correspondingly different cells will
fire maximally, thus extracting and spatially encoding the depth cue.

Binaural processing in the stereausis network is very similar. Thus, for each diagonal of

cells (parallel to AB), the instantaneous response patterns of the two cochlei are projected
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with a specific horizontal shift. Since interaural delays create mismatched cochlear images,
the network can detect and encode these temporal cues in exactly the manner of the stereopsis

network.

Parallels between monaural and binaural processing

There are striking parallels between the motivations and subsequent developments of the
binaural stereausis network and the lateral inhibitory network (LIN) proposed earlier for the
monaural processing of auditory-nerve responses (Shamma [1985a]) (Table I).

Briefly, The LIN was first proposed to provide a biologically realistic network capable of
utilizing the phase-locked (temporal) information on the auditory-nerve. A basic operation
of most earlier algorithms was to measure the absolute periodicity of the responses on a given
fiber using some form of Fourier analysis (Seneff [1984]; Sinex and Geisler [1983]; Young
and Sachs [1979]), or by its temporal equivalent operation - estimating the auto-correlation
function. In order to implement the latter operation biologically, a series of delay lines was
often postulated (Delgutte [1984]). The LIN, instead, derived its spectral estimates by a
simple local comparison (correlation) of the responses across different fibers, i.e. detecting
spatial disparities in the responses. In effect, the LIN detected edges in the response patterns
regardless of their temporal or amplitude (average rate) origin, a well understood operation
in the vision literature (Hartline [1974]).

Correlation-based models of binaural processing have a similar history. Thus, in order
to compute absolute temporal interaural delays, a cross-correlation operation between the
responses of corresponding (equal CF) fibers from the two ears was invoked and consequently,
as was the case for the auto-correlation implementation, a series of delay lines were postulated
(Jeffress [1948]). However, just like the LIN, the stereausis network obviates the need for such
delays by relying, instead, on the local spatial correlations of CF and off-CF responses, i.e.
detecting spatial disparities between the response images of the two ears regardless of their
temporal (ITD) or amplitude (ILD) origins. In fact, for monaural sounds, the computations
of the stereausis network (as formulated in section II) reduce to those of the LIN.

The basic principle that emerges here is that in detecting and estimating the inherently
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temporal cues of sound signals (whether spectral or interaural) it is simplest to seek and pro-
cess the accompanying spatial features that are invariably produced by the cochlea (Shamma
[1985b]). In this light, time-to-space conversion appears to be a primary function of the
cochlea, allowing the CNS to perform in the spatial domain operations that approximate the
essentially temporal auto- and cross-correlations, long hypothesized to be the bases of audi-
tory processing. In fact, once reformulated in the framework of spatially distributed patterns
and computations, auditory processing at its early central stages appears conceptually very
similar to the processing in other more obviously spatial sensory systems, such as the visual

and the somatosensory systems®.

Anatomscal and physiological correlates tn mammals and the barn owl

Much of the available physiological data can be interpreted in support of correlation-based
models of binaural hearing, though no conclusive evidence of any particular implementation
exists (Blauert [1983]). For instance, responses of single units cross-correlating various bin-
aural noise and tonal stimuli (e.g. in the MSO, LSO, and IC (Yin and Kuwada [1984]))
can be readily interpreted as the responses of different cells of the stereausis network. A
more fundamental question, however, concerns the potential location of this network and its
relation to other auditory structures. It should be emphasized here that in searching for
biological correlates of this and other networks, we seek correspondences to the fundamental
topology and function and not the arbitrary mathematical formulation used in this instance
(see further comments in Section II).

In mammals, the primary nuclei of the SOC (the MSO, and LSO) are the most likely
sites for the matrix of disparity matching operators. The MSO and LSO differ in the na-
ture of their binaural interactions, with most MSO cells being excitable binaurally and most
LSO cells being inhibited contralaterally (Yin and Kuwada [1984]). Based on this and other
physiological (distribution of best frequencies), anatomical, and ethological evidence, it has

been argued that the MSO and the LSO serve different complementary functions - namely

€ An equivalent view of the role of the cochlea in higher animals is that of a potnt source-to-spatially distributed
source transformer. In the the fish, the spatial character of the sensory input is explicit (as, for instance, in
vision). In mammales, birds, and lizards, the hair cell array is internalized, and it is the basilar membrane which
provides the spatially distributed input from the essentially point source excitation of the tympanic membrane.
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localization of low and high frequencies (Yin and Kuwada [1984]). However, the above sim-
ulations of the stereausis network (section III) have shown that, provided phase-locking is
preserved and used by the binaural network, the exact form of the binaural operation is not
critical and both the MSO excitatory-excitatory interactions (e.g. ¢;; = ; +y;) and the LSO
excitatory-inhibitory interactions (e.g. ¢;; = g(z; — y;)) can in principle account for all the
binaural phenomena examined in section IIl, the major difference being the polarity of two
outputs.

Nevertheless, the possibility of a functional division between the MSO and LSO may be
re-expressed in slightly different terms - that of accurate ITD and ILD detection, regardless of
frequency. Such a distinction has significant implications for the architecture of the possible
underlying networks. Thus, as we argued earlier (example 2, section III), the specific form
of the stereausis network proposed here is fundamentally suited for ITD detection. This is
because the detector cells are so innervated as to be highly sensitive to horizontal disparities in
the binaural inputs. Such disparities are primarily generated by ITDs, and must be conveyed
to the network through phase-locked pathways.

In contrast to ITD shifts, ILD-induced disparities are vertical in that they primarily change
the relative amplitudes (envelopes) of the cochlear waves on the two ears. Such disparities,
while not localized precisely by the stereausis network, do influence its outputs in a manner
consistent with the effects of other interaural differences; And this may well be sufficient to
account for ILD perception in many animals, including humans (Blauert [1983]). For the
accurate detection of ILDs, however, the binaural network should instead directly sense a
range of vertical disparities. A simple network would achieve this by having its input fiber
arrays registered (i.e. no lateral shifts of the cochlear images) and by progressively attenuating
(and hence vertically shifting) one of its inputs down the network (for instance, through a
gradual change in thresholds or in the efficacy of the contralateral inhibitory or the ipsilateral
excitatory inputs)?. Each row of cells thus becomes sensitive to a particular ILD. Note that

phase-locking plays no role in the intended function here. While such a network is one of

7The topology of this network is identical to the Jeffress model (Fig.1a or 12a) except that delays are replaced
by a graded threshold or contralateral inhibition.
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many possible schemes suggested earlier for ILD encoding (Colburn and Durlach [1978]),
it especially complements the design of the stereausis network, functionally (ITD vs. ILD
detection), conceptually (horizontal vs. vertical disparities), and topologically (unregistered
vs. registered inputs).

Recently, the first example of an organized map of responses to different ITDs was iden-
tified in the Nucleus Laminaris (NL) of the barn owl (Sullivan and Konishi [1986}). Sullivian
and Konishi interpreted their physiological and anatomical data in support of the schematic
structure of the NL binaural processor shown in Fig.12a - i.e. the cross-correlator model of
(Jeffress [1948]). Specifically, they have found that ipsilateral fibers enter the NL, bifurcat-
ing and synapsing with NL cells, along roughly the isofrequency planes. Furthermore, they
postulated that, based on the distances that the ipsilateral and contralateral fibers have to
course past one another across the NL, and based on nerve conduction velocities, this ar-
rangement may well be the neural substrate of the hypothetical delay lines. These arguments
are reasonable and it is, in fact, quite possible that different species might employ different
processing strategies. Nevertheless, if the stereausis network is the underlying neural sub-
strate in the NL, then only minor topological changes are necessary in Fig.12b - namely that
each ipsilateral fiber becomes slightly tilted so as to synapse with several fibers derived from
the corresponding contralateral local region. Because of its limited (local) spatial extent, this
overlap perturbs only slightly the overall isofrequency planes of the NL.

There are basic conceptual differences, however, between the two figures, particularly
regarding the relevance and functionality of the neural delays. Neural delays are an inevitable
occurence in any network where information is transmitted from one point to another. In
Fig.12a, these delays are at the essence of the network operation, while in Fig.12b they
are primarily an epi-phenomenon. They may, however, have a secondary beneficial effect
in improving the resolution along the disparity axis. The essential aspect of the stereausis
network topology is therefore not the neural delays, but rather the correlation of CF and
off-CF responses.

It should be emphasized, however, that although we have contrasted as two extremes the

networks of Figs.12, a continuim between the two exists. That is, the amount of CF-overlap
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(or tilt of the ipsilateral fibers) in stereausis-like networks may vary, reflecting the balance
between using neuronal or basilar membrane originated delays. In fact, it is likely that,
in a biological realization of the stereausis network, such compromises occur to compensate
for the delays inherent in neuronal transmission or to anatomical imbalances between the
binaural pathways or cochlei. Experience during development would presumably achieve the
fine tuning of the final map.

At higher levels of the auditory system of the barn owl (ICX), detailed physiological
response maps have been described, with cells tuned to different combinations of the two bin-
aural cues (ILDs and ITDs), and hence to well defined points in the external space (Knudsen
[1984]). It is yet unclear how the NL map is transformed further at higher structures, and
particularly how sensitivity to ILDs at a given ITD arises and later organized. The most
direct hypothesis is a point-to-point combination of the outputs of independent ITD and ILD
networks as described earlier (Sullivan and Konishi [1984); Takahashi, Moiseff and Konishi
[1984]). A similar map, but less accurate on its ILD axis, can be based soley on the results of
the time-intensity trading experiments discussed earlier in section III. There, the two inter-
aural cues had separate and stable simultaneous representations - the ITD in the location of
the central narrow peak, and the ILD in the location (along the same axis) of the center of
gravity of the overall pattern. Those two measures can be readily extracted from the output
patterns (via lateral inhibitory and excitatory networks) to form the bases of a more abstract
map of space. Finally, we suggest that using similar neural network topologies and represen-
tations for the detection of horizontal and vertical disparities of acoustic and visual images
would facilitate the formation of higher audio-visual maps (as found in the Optic Tectum of

the barn owl (Knudsen [1984])).
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Al. The cochlear model: °
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The cochlear spatiotemporal patterns are computed using digital algorithms based on
a detailed multi-stage biophysical model of the cochlea (Holmes and Cole [1984]; Shamma
et al. [1986]). At each of 128 locations along the cochlear partition, the transfer function
of the basilar membrane is computed and used in an FFT-based overlap-and-add method
to generate the membrane’s response to the stimulus. This output is then highpass filtered
(wn=un-.8u,_;; modelling both outer ear and fluid-cilia coupling stages) and compressed by a
sigmoidal function'of the form: z = M-1/(1+b-¢e7%%), where a, b, and M are parameters of the
nonlinearity, and x, w are the output and input respectively. Finally, a lowpass filter smooths
the output (time constant = .1 msec). The parameters of the compressive nonlinearity should
be such that approximately 30 dB of linear gain is available between threshold and saturation
(defined as .1 - .9 of maximum output level, M) and that the output is saturated at moderate
sound levels (approximately 60 dB SPL). Each fiber (channel) is labeled by a characteristic
frequency (CF). The CF of the fiber is defined here as the frequency of the tone whose peak

activity at the output of the sterausis network is located spatially at this fiber.

A2. The computations of the stereausis network:

The computations in the stereausis network are based on a matrix of correlation-like
operations applied to the responses of the two ordered arrays of cochlear fibers. The spa-
tiotemporal outputs of the cochlea are generated using the cochlear model described above in
appendix Al. In order to relate the processing of the stereausis network to other correlation-
based models, we consider first the following correlation operation (C(z;,y;)) performed at

each node of the network:

i = Cloayy) = [ a(t)ys(t)at (1

where z;(t) and y,(t) are the response of the ¢** ipsilateral and j** contralateral fibers, re-
spectively, and T is the period of integration. No neuronal delays are inserted in the two
pathways here; However, since they originate at different CF locations along the cochlear
partition, delays due to the finite velocity of the basilar membrane travelling wave are al-

ready incorporated in their responses. For instance, let z; and y; be the basilar membrane
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responses to a centered low frequency (w) tone, i.e.:
zi(t) = Ai(w)sin(wt + 6;(w)) (2)

and
v;(t) = Aj(w)sin(wt + 0;(w)) (3)

where A;(w), 4;(w) and 6;(w),8;(w) are the amplitudes and phases of the travelling waves at
the i** and j** locations of the two cochlei. If ¢ and j have close CFs (i.e. A;(w) = 4;(w))
and if we define 8(w) = 6;(w) — 66(w)), then:

yi(t) = A;(w)sin(wt + 6;(w) — 86(w)) (4)

If we assume now that the velocity of the travelling wave (v) over the small distance (§s)
between the i** and j** locations is approximately constant, then the spatial frequency (w,)

of the travelling wave at ¢ can be related to the frequency of the tone as:

W, = (5)

v
and hence,

60(w) = w,.bs = %.53 = wr, (6)

where 7, is the time it takes the wave to travel the small distance (6s) between i and j.

Therefore, we may rewrite y;(t) as:
yi(t) = Ai(w)sin(wt + 6; —wT,) =yt — 1) (7)

i.e. a delayed version of y;(t). The correlation operation C(z:,y;) defined above therefore

becomes:
cis = /T zi(t) wi(t — 7)dt (8)
which is exactly equivalent to the usual correlation operations hypothesized using neuronal

delay lines. This result can be generalized for other stimuli.
The multiplicative form of C(z;,y;) is often invoked for mathematical convenience. Two

other operations produce qualitatively similar results, and are probably more biologically
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plausible. They are the addition (C(z,y;) = z; + y;) and subtraction with threshold
(C(zi,y5) = g(zi — y;)) operations. In all the examples shown in section III, the outputs
cij are computed within a stripe surrounding the diagonal AB (/7 — j/ < 30). At each
time instant, a two dimensional image (c;;) is produced and sharpened by an elongated ON-
center/OFF-surround lateral inhibitory network to generate (o;;):

0i; = Z Wiikl-Ckl (9)

ijkl

where the network connectivities w;;; around each (7,7) neuron are identical (i.e. a uniform
network). The specific mask shown below is used with the addition operation; Its inverse is

used with the subtraction operation in order to invert the polarity of the final display. The

+1 41 41 ...... Kk+2
-3 =3 -3 ....

b bt ... “kk
-3 -3 =3 ....

+1 41 41 ...... Crk-2

parameters of this mask are not critical for the results discussed in this report. Its purpose
is simply to sharpen the ¢;; outputs by attenuating the low spatial frequencies at the tails
of the binaural patterns (compare figs.5a and 6a). Although the mask is applied here in a
nonrecursive (feedforward) manner (to speed up the computations), it may also be applied
in a recursive (feedback) configuration. For the purposes of this paper, both forms produce
similar results; The latter topology, however, is more commonly reported in the biological
literature (Hartline [1974]; Marr and Poggio [1979]; Shamma [1985a]). For the final displays
of examples 1-5 in section III, the outputs o;; for 250 time samples (10.5 msec) are averaged
over the entire duration. For the onset cues, the averaging was restricted to 1.5 msec around

the onset of the stimulus.
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Figure Legends

Fig.1: Schematics of the binaural networks.

(a) A schematic of the neural implementation of the correlation-based binaural processor
using neuronal delay lines (Jeffress,1948). The tonotopically ordered fiber arrays of the two
auditory-nerves project via the AVCNs to the SOC. Each ipsilateral fiber (X;) synapses with a
contralateral fiber (Y;) of the same CF through a series of time delays (7). Activity along the
7 axis indicates the lateralization of the stimulus. (b) A schematic of the stereausis binaural
network. Ipsilateral (X;) and contralateral (Y;) fibers are processed in an ordered matrix of

operations ¢;; (shown in more detail to the right).

Fig.2: Responses of the cochlear model.

The spatiotemporal response patterns of the cochlear model (appendix A1) to a 600 Hz
tone. The spatial (ordinate) axis represents the basal-to-apical (bottom-to-top) spread of
the cochlear partition; It is labeled by the Characteristic Frequency (CF) of each output
channel (see method of CF labeling in appendix A1l). The input waveform of the tone is
also shown. In the auditory system, these patterns represent the probability of firing on the

auditory-nerve.

Fig.3: Stereausis processing with synthetic patterns.

(3a) The output of the stereausis network with a synthetic pattern (a binaural travelling
pulse). The centered pattern is represented by two pulses sweeping the cochlear partition in
synchrony. Dark shading indicates areas of maximal activity. The ipsilateral CF axis is the
ordinate, the contralateral axis is the abscissa.

(3b) The output of the stereausis network with the synthetic pattern binaurally delayed.
The ipsilateral pulse leads the contralateral pulse.

(3¢) The network output with a pair of centered travelling pulses.

(3d) Same as c, but with pulses binaurally delayed. Ipsilateral leads contralateral.

Fig.4: Stereausis processing with a low frequency tone.

(42) A schematic of the binaurally shifted travelling waves on the basilar membrane.

28



(4b) The output of the stereausis network with a centered 600 Hz tone. The input
patterns are shown in Fig.2. The disparity plot shows a cross section of the patterns of
activity computed near the bar (see text). The spectral plot displays the activity near and
along the diagonal AB (see text).

(4c) Same as (b) but with the 600 Hz tone binaurally delayed (ipsilateral side leads
contralateral by 2—8"- phase-shift). The disparity plot shows clearly the resulting shift of the

patterns.

Fig.5: Representation of ITDs with low frequency tones (600 Hz).

(5a) Stereausis network outputs of a centered 600 Hz tone. Same as (Fig.4a) but patterns
are sharpened with a lateral inhibitory mask.

(5b) Same as (a) but with tone § phase-shifted (Ipsilateral leading).

(5¢) Same as (a) but with tone 2F phase-shifted (Ipsilateral leading).

(5d) Same as (a) but with tone 7 phase-shifted (Ipsilateral leading).

Fig.6: Representation of ITDs with low frequency tones (1100 Hz).
(6a) Stereausis network outputs of a centered 1100 Hz tone.
(6b) Same as (a) but with tone § phase-shifted (Ipsilateral leading).
(6c) Same as (a) but with tone Z* phase-shifted (Ipsilateral leading).
(6d) Same as (a) but with tone = phase-shifted (Ipsilateral leading).

Fig.7: Representation of ILDs with high frequency tones (3 kHz).
(7a) Stereausis network outputs of a centered 3 kHz tone (ILD = 0 dB).
(7b) Same as (a) but with ILD = 3 dB (Ipsilateral higher).

(7c) Same as (a) but with ILD = 6 dB (Ipsilateral higher).
(7d) Same as (a) but with ILD = 12 dB (Ipsilateral higher).

Fig.8: Effect of ILDs on low frequency tones.
(8a) Stereausis network outputs with a centered 600 Hz tone (ILD = 0 dB).
(8b) Same as (a) but with ILD = 3 dB (Ipsilateral higher).
(8¢c) Same as (a) but with ILD = 6 dB (Ipsilateral higher).
(8d) Same as (a) but with ILD = 12 dB (Ipsilateral higher).
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Fig.9: Lateralization of an AM tone.

(9a) Cochlear model outputs with an AM tone (Carrier frequency = 3 kHz; Modulation
frequency = 100 Hz).

(9b) Stereausis network outputs with the centered AM stimulus.

(9¢) Same as (b) but with AM tone binaurally delayed by .5 msec (Ipsilateral leading).

Fig.10: Detection and enhancement of tones in noise.

(10a) Stereausis network outputs with binaurally identical tone (1100 Hz) in noise back-
ground (.1-10 kHz) and S/N= -10 dB.

(10b) Same as (a) but with signal reversed in amplitude (S,N,).

(10c) Same as (a) but with noise reversed in amplitude (S,N,).

(10d) Same as (a) but with signal moaurally presented on the ipsilatera side (SpmN,).

Fig.11: Detection of onset delays.
(11a) The cochlear response patterns to the onset of a 3 kHz tone.
(11b) Stereausis network outputs with identical tone onsets.

(11c) Same as (b) but with onset binaurally delayed (.25 msec).

Fig.12: Schematics of two binaural networks for ITD detection.
(12a) Schematic diagram of the NL in the barn owl as suggested in Sullivan and Konishi
(1986). It is functionally equivalent to the model by Jefress (1948). (12b) Schematic of the

NL if the stereausis topology is the underlying network.
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