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Abstract

The barn owl is a nocturnal predator that is able to capture mice in complete darkness using only sound to localize prey. Two binaural ¢
are used by the barn owl to determine the spatial position of a sound source: differences in the time of arrival of sounds at the two ears fol
azimuth (interaural time differences (ITDs)) and differences in their amplitude for the elevation (interaural level differences (ILDs)]
Neurophysiological investigations have revealed that two different neural pathways starting from the cochlea seem to be specialized
processing ITDs and ILDs. Much evidence suggests that in the barn owl the localization of the azimuth is based on a cross-correlation-
treatment of the auditory inputs at the two ears. In particular, in the external nucleus of the inferior colliculus (ICx), where cells are activat
by specific values of ITD, neural activation has been recently observed to be dependent on some measure of the level of cross-correl
between the input auditory signals. However, it has also been observed that these neurons are less sensitive to noise than predicted by
binaural cross-correlation. The mechanisms underlying such signal-to-noise improvement are not known. In this paper, by focusing c
model of the barn owl’s neural pathway to the optic tectum dedicated to the localization of the azimuth, we study the mechanisms by wh
the ITD tuning of ICx units is achieved. By means of analytical examinations and computer simulations, we show that strong analogies e
between the process by which the barn owl evaluates the azimuth of a sound source and the generalized cross-correlation algorithm, o
the most robust methods for the estimate of time del@y$999 Elsevier Science Ltd. All rights reserved.
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1. Introduction In most species studied, the ongoing ITD appears to be an
important cue for localizing the azimuth of the sound source
The capability of localizing the position of a sound source (Yin et al., 1987, Middlebrooks and Green, 1991, Konishi,
through audition is common to many animal species 1993). Simple geometrical considerations reveal that, in the
including humans. Accurate and fast spatial localization frontal field, ITD is linked to the azimuth of a sound source
of a sound source is crucial for the successful capture of by a monotonic relationship (Woodworth and Schlosberg,
prey or escape from predators. In the case of audition, 1962), so that the source position along the azimuthal axis is
spatial information is not explicitly represented at the determined by the measured ITD. It has long been hypothe-
input stages, but needs to be extracted by the brain. Asized that ITDs could be derived in the brain by cross-cor-
signature of the position of a sound source is usually pre- relating the signals at the two ears (Licklider, 1951, Sayers
sent in several features of auditory signals: some of theseand Cherry, 1957, Stern et al., 1988). Several psychophysi-
cues are monaural, such as the spectral modificationscal experiments in humans and theoretical models are in
induced by the configuration of the pinnae, others are agreement with this hypothesis (Sayers, 1964, Lindemann,
binaural. The latter cues are based on comparisons 0f1986, Saberi, 1996). According to this method, ITDs are
the two input signals, such as differences in the amplitude estimated by measuring the time at which binaural cross-
and in the time of arrival of sounds at the two ears correlation reaches a maximum (see, for example, Carter,
(interaural level differences (ILDs) and interaural time 1981). Since the cross-correlation function is based on a
differences (ITDs)). global comparison of the two waveforms, and does not
depend on ad hoc parameters, this is a robust method for
"+ Corresponding author. Tel.; +1-619-6262069; Fax: +1-619-6262099; E- €stimating the ITD between two auditory signals originating
mail: rucci@nsi.edu from the same sound source.
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In the last two decades, auditory localization has been operate a peculiar frequency weighting of the input power
carefully studied in the barn owl, a nocturnal predator that spectral densities, that improve the reliability of ITD esti-
relies heavily on audition for hunting (for a review, see mates in noisy environments. This operation is similar to the
Konishi, 1993). Behavioral studies have shown that the one performed by several versions of the generalized cross-
barn owl uses ongoing ITDs and ILDs almost independently correlation algorithm.
for estimating the azimuth and the elevation of the sound In Section 2 we briefly review the generalized cross-cor-
source (Moiseff and Konishi, 1981). relation method for the estimate of time delays. In Section 3

Neurophysiological and anatomical studies have shown we describe a mathematical and computational model of the
that two separate neural pathways are specialized for anatectal pathway dedicated to azimuth localization in the barn
lyzing ITDs and ILDs (Konishi et al., 1988). These path- owl. The results of the analysis of this model are presented
ways start from the cochlea and converge at the level of thein Section 4. Finally, a brief discussion is included in Sec-
central nucleus of the inferior colliculus (ICc). Neurons in tion 5.
the external nucleus of the inferior colliculus (ICx) are acti-
vated by auditory stimuli originating from sources located in
specific positions of the surrounding space. It has been2. The generalized cross-correlation method
observed that the spatial selectivity of ICx neurons is the
result of a selectivity for specific values of ITD and ILD Let s (t) andsg(t) be the auditory signals at the left and
which unequivocally determine the location of their recep- right ears respectively. In the case of a single remote sound
tive fields (Moiseff and Konishi, 1981, Knudsen, 1984). The sources(t), a common way to model these signals is
Iocqt!ons of recept_wt_a fields vary systematl_cally_ with the s () =s{t) +n_(t) )
position of cells within the ICx, so as to give rise to an
audl.tor_y map of space (KnL_sten and Kon|§h|, 1978a, gy(t) = kst + A) + ng(t)

Konishi, 1986). Several experimental observations suggest ) ) ) .
that the ITD tuning of ICx cells emerges as a result of a WhereA s the time delay which we want to evaluakes a
cross-correlation-like treatment of the signals at the two Scalar, and (f) andng(t) are noise contributions.

ears. In particular, it has recently been shown that space- A Well-known method for estimating is to search the
specific neurons within the ICx are sensitive to some mea- Maximum of the cross-correlation functio(t) between the
sure of the level of correlation of the input signals (Albeck WO input signals:

and Konishi, 1995) and that binaural cross-correlation pre- max c(t) = max(s_(t) X sg(t)) 2
dicts the response of ICx neurons under conditions simulat- T

ing summing localization (Keller and Takahashi, 1996a). where the cross-correlation is defined as

However, it has also been observed that space-specific o

ICx neurons are less affected by noise than would be pre- .

dicted by direct binaural cross-correlation (Keller and Taka- 5.0 > %O = J S (MS(r+ dr ®)
hashi, 1996a). Although intrinsic connections in the inferior o

colliculus are believed to play an important role in this final This method is based on the observation that whgt) =
result, the exact mechanisms by which such a noise rejections.(t — 4), the cross-correlatios, X sg reaches its global
is achieved are not known. maximum at timeA (see, for example, Bracewell, 1986).

In this paper, we analyze from a theoretical perspective If the noise terms in Eq. (1) are uncorrelated with the
the origins of the azimuthal map of space in the ICx. By signals(t), the cross-correlation of the left and right signals
means of analytic examinations, as well as computer simu-Yields
Iéitlons,.we show that the processes by which the barn owl c(t) = ket — A) + ¢, (1) (4)

etermines the azimuth of a sound source bear a strong
resemblance to the so-called generalized cross-correlationwhere cgt) is the autocorrelation o§(t), and c.(t) is the
method (Knapp and Carter, 1976), a more robust algorithm cross-correlation of the two noise terms. In the case in
than direct binaural cross-correlation. Generalized cross-whichn_ andng are white processes, their cross-correlation
correlation is based on a prefiltering of the input signals is zero andc(t) is a translated copy afy(t).
before the cross-correlation, so as to compensate for the Since binaural cross-correlation implies a global compar-
errors introduced by a finite time window of observation, ison of the input signals, this method is robust with respect
and by the presence of multiple sound sources or echos. Byto the superposition of noise. This is important, since it
focusing on a model of the neural pathway dedicated to guarantees that the time at which the maximum of the
ITDs, we show that several elements cooperate to improvecross-correlation function occurs is a good estimate of the
the signal-to-noise ratio in the activation of ICx units. In ITD, even if the two signals are not exact translated copies.
particular, we illustrate that the characteristic response to In practice, however, the accuracy of time measurements
different ITDs of units in the nucleus laminaris together provided by the direct application of Eq. (2) is limited by
with the intrinsic connections in the inferior colliculus anumber of factors. A first obvious problem is related to the
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fact that real systems operate on a time window of finite filtered signals is equal to
extent anc:(t) can only be approximated. W is the length

g _ *
of the observation interval, then the estimated cross-correla-GLR =Hr(DHL()GLR(T) ©)
tion at timet, ¢,(7), is given by and their cross-correlation
t—7 «©
1 N 2
&(r)= W—> J S (N)sz(N+7) d\ (5) Cy(t) = J Hr(F)H[ (F)Gr(F) €7 df
and in general will be different froro(7). e .
A second problem arises in the presence of multiple = J V4 (F)GLr(f) €2 df (10)
sound sources. In this case, which can be modeled as T
s () =so(t) +s1(t) + ... + N () (6)  where
¥y (f) = Hr(F)HL(F) (11)

multiple peaks, corresponding to the various delays, are
present in the cross-correlation function. Assummgand

ng to be white processes and the sigrey§ to be uncorre-
lated with each other, the cross-correlataft) is equal to a
weighted superposition of the autocorrelations of the var-
ious signalsg;, each translated by its own delay:

Some popular preprocessing functions are shown in Table 1
(see Knapp and Carter (1976) for a detailed analysis of these
and other methods). A strategy common to several of these
filters is to operate on the input signals so as to ‘prewhiten’
them by equalizing the amplitude of the cross-power spec-
trum in Eqg. (10). For example, in the case of a single delay,
A, and absence of noise, the phase transform method gives
()= D ka(t—A) (7) o %
i Cor(t)= J' Gir(f) g2t g J 0 g2t g _ 5t A)
IG R (F)!

— — 0

It is clear from Eq. (7) that, in order to be able to discern
the different delays irc(t), each autocorrelatiog must be

. : (12)
characterized by a narrow peak. ¢f has multiple or _
broad peaks, then false target locations may arise evenwheref(f) = 2xfA is the phase of the cross-power spectrum.
under the ideal assumption of uncorrelated noise and Thus, the cross-correlation of the filtered signals is a Dirac
signals. function centered on.

In order to compensate for these problems, the general- In practice, however, the application of the phase trans-
ized cross-correlation method has been proposed (Knappform method is limited by the effect of noise which alters
and Carter, 1976), in which the two input signalsand 6(f), particularly in the frequency bands in which the signals
sg are prefiltered before calculating their cross-correlation. have less power or the noise is high. Due to the action of
The goal of this method is to ensure large and narrow peakshoise, the linear dependence @ff) on frequency is cor-
in the terms in Eq. (7), while at the same time ensuring rupted, and Eq. (12) is no longer valid. A way to compensate
stability with respect to the problem of a finite time window for such a problem is to weight the amplitude of the cross-
of observation. power spectrum by taking into account the level of noise at

It is convenient to describe the operation of the filters, by different frequencies. In the maximum likelihood method
using the frequency formulation of the cross-correlation ¥gis dependent on the coherence functigr,

(see, for example, Bendat and Piersol, 1993) G.r(f)
YWr(f) = ————x (13)
- G (F)Gra(f)
ct)= J Gr(f) €™ df (8) so that frequency bands with lower coherence values con-

tribute less to the final estimate. It can be shown (Knapp and
Carter, 1976) that for the maximum likelihood method the
amplitude of the cross-power spectrum at a particular fre-
guency is normalized by a factor proportional to the varia-
bility of the estimate of the phase at that frequency:

where G y(f) is the cross-power spectrum sf and sg. If
H_(f) andHg(f) are the transfer functions of the filters in the
two input channels, the cross-power spectrum of the two

oo

Table 1 () jo
Frequency weightings according to method CML(t) xk Og(f) &= df (14)
— 0 0

Method F ighti . . . . . o

it requency weigning In this way, different frequencies give different contributions
Phase;fZ”SfC:m tGLR(f)(|f) i to the estimate of cross-correlation depending on the amount
Smoothed coherence /\EG (F)Cgrr ; At
Maximum likelihood e O BIGE)I(L— Frea(1?) of noise present. An example of the application of the phase

transform and maximum likelihood methods is illustrated in
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Fig. 1. Application of two different frequency weightings on the cross-correlation between two signals. The input signals were delaysdhby 26 noise
was superimposed. (Circles) Direct cross-correlation; (diamonds) phase transform method; (squares) maximum likelihood method.

Fig. 1. Both methods give rise to a reduction of the width of along the other (Carr and Boudreau, 1993). In this way, the

the ITD peak with respect to direct cross-correlation. unit at location ij) in the map was characterized by a pre-
ferred mean interaural deldy and by a preferred frequency
f;. The activation of NL units was empirically designed to fit

3. Modeling the pathway for auditory azimuth as closely as possible the physiological data available in the
localization literature. The particular anatomical and physiological
The overall organization of the tectal pathways for azi- . -
muth localization in the barn owl is schematically illustrated ~ input == [ ™ Guput
in Fig. 2. The auditory pathway starts with the magnocel- JW‘
lular cochlear nuclei, and meets in the optic tectum the ey | Semsory Motor
visual pathway composed of direct retino-tectal projections. maps |~ map
In the tectum, visual and auditory maps of space are aligned T—‘
with a motor map, which participates in the production of T JR E— =
orienting behavior (Knudsen and Brainard, 1995). As shown 1 , Inferior :
. . . . Auditory Space Map Colliculus ICx :
by electrophysiological recordings, an auditory map of ; (external nucleus) 5
space is first found at the level of the ICx, where the con- ; S

tributions of different frequency laminae at the level of the
central nucleus of the inferior colliculus (ICc) are brought
together. The neural structures modeled in this paper are the
ones included in the dashed box of Fig. 2. This model, which : ITD v Fr
is illustrated in Fig. 3, is a subsection of a larger computa- |

tional model that we have recently developed for studying

the plasticity of map alignment in the optic tectum (Rucci et

al., 1997). It includes the nucleus laminaris (NL), which is el
the first stage where the signals from the two ears are | '
brought together, the ICc and the ICx. Each structure in : - N(-ommeee e ’

ICc

the model was composed of a collection of units, each . Right
implemented as a leaky integrator. The output of a unit auditory ~<—— auditory
input input

can be viewed as representing the average firing rate of a
collection of cells and its response properties is representa-
tive of a typical cell within such a group. Fig. 2. Schematic representation of the neural pathways to the optic tectum
involved in the process of azimuth localization in the barn owl. The audi-
tory and the visual pathways converge at the level of the tectum, and project
to motor structures. The opaque boxes indicate auditory structures orga-
. . L . nized in different frequency laminae. The frequency organization disap-
The_ nUCIe,US Iammans WaS modgled as a b|d|men5|pnal pears at the level of the external nucleus of the inferior colliculus, where an
array in which unit sensitivity varied systematically with  zyditory map of space is first synthesized. The dashed box illustrates the

respect to frequency along one axis and interaural time delaysstructures that have been considered in this paper.

phase-locked cells Pphase-locked cells

3.1. Nucleus laminaris
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Fig. 3. The considered model of the tectal pathway for auditory azimuth localization in the barn owl. Three stages sequentially process tredsnputtsgn
nucleus laminaris and in the central nucleus of the inferior colliculus units are organized in frequency laminae and respond periodicallyt id d e

ICx each unit responds maximally to a specific value of ITD. Unit-preferred ITDs shift systematically with the position of units in the array, ssases amcr
auditory map of the azimuthal space. Filled and empty arrows (circles) represent excitatory and inhibitory connections (units) respectively.

mechanisms underlying such neural responses in the barn owbf phase between the left and right input signals at
(for a review see Konishi et al., 1988) were not modeled frequencyf, and G, (f) is a Gaussian function with mean
explicitly. For binaural stimulation, when the two signals f and variances. In the barn owl, the firing of NL neurons

s (t) and sy(t) with Fourier transformsA,_(F)é**"  and has been observed to be tuned to frequency and be periodic
AR(f)é¢R(f) (evaluated over the time-window of observation with respect to ITD (Carr and Konishi, 1990). In addition, it
W) were applied as inputs, the activation of NL units was has recently been observed that the activity of NL neurons is

dependent on the unit characteristic paramdigfsas follows: proportional to the average intensity of the binaural stimu-
NL - - _ o lation (Péia et al., 1996). The activation of three units in the
Uz 7 =F(AL(HAR()) [cogor(f) — 27 T) + 1] Gy, (f) NL, as well as the global pattern of activation in the NL map

(15) are shown in Fig. 4.

where7 is a squashing function that controls the change in 3.2. Central nucleus of the inferior colliculus

firing rate for different amplitudes of the input signals (in

the simulations described in this paper a logarithmic ~ As shown in Fig. 3, the central nucleus of the inferior
function was usedyy r(f) = ¢.(f) — ¢r(f) isthe difference  colliculus (ICc) was modeled as a bidimensional map of
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Fig. 4. Characterization of the modeled NL. (a) ITD tuning function of three units with différéh) Two patterns of activation in the NL ((top) ITB — 75
us; (bottom) ITD= + 75 us): units are aligned in frequency laminae onytaxis, and according to their ITD sensitivity along thaxis. The NL included 50
X 100 units ((a) reprinted with permission from Rucci et al. (1998)1998 IEEE).
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Fig. 5. Characterization of the modeled ICc. (a) ITD tuning function of three units in different frequency laminae. (b) Two patterns of activai¢@adn t
((top) ITD = 150us; (bottom) ITD= —75us). Units are aligned in frequency laminae onytaxis, and according to their ITD sensitivity along thaxis. The
ICc included 50X 100 units ((a) reprinted with permission from Rucci et al. (1998Y1998 |IEEE).

frequency vs ITD. The map contained both excitatory and response level. Two typical maps of activation for sounds
inhibitory units. Excitatory units received topographically emitted by sources located in two different positions are
organized projections from the NL and projected both to the shown in Fig. 5b. Note that the pattern of activation is
ICx and to surrounding units in the ICc. They also received centered on the characteristic array that has the same
connections from inhibitory units in more distant regions of array specific ITD as the input ITD.

the ICc map located in neighboring frequency laminae. This

model followed from both anatomical studies on the con- 3.3. External nucleus of the inferior colliculus

nections from the NL to the ICc (Knudsen, 1984, Takahashi

and Konishi, 1988), and physiological investigations of the  The external nucleus of the inferior colliculus was mod-
ICc (Wagner et al., 1987). The sensitivities of three ICc eled as a one-dimensional array of excitatory and inhibitory
units to different values of ITD are shown in Fig. 5a. Unit units. Following the data on the barn owl (Knudsen, 1983,
activation was characterized by a narrow frequency range Knudsen, 1984, Wagner et al., 1987, Fujita and Konishi,
and showed a periodicity with respect to ITD, with the 1991), excitatory ICx units received afferents from ICc
period determined by the neuron preferred frequency. This units in all the isofrequency laminae and within a limited
is similar to what occurs in the ICc of the barn owl (Konishi range of ITD. They also received connections from adjacent
et al., 1988). Given the layout of unit sensitivities in the ICc excitatory units and from inhibitory units in more distant
map, each array of neurons perpendicular to the frequencyregions of the ICx map. Excitatory units projected to both
axis (often indicated as a characteristic array) had an array-excitatory and inhibitory units located nearby. As a result of
specific ITD, which represented the value of ITD that acti- this pattern of connectivity ICx units responded maximally
vated all the neurons of the array at the same relative to specific values of ITD. The unit's preferred ITD varied

0.6 0.6

04

Activation
Activation

0.2

0.0

-200 -100 0 100 200 -200 -100 0 100 200
Preferred ITD (us) Preferred ITD (us)

(a) (b)

Fig. 6. Patterns of activation of the modeled ICx when binaural signals with ITD equal te Z&us and (b) 8Qus are applied as inputs. The graphs show the
mean and standard deviation of unit activity evaluated over 10 repetitions. In this example, the ICx map included 100 units.
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systematically with the position of the unit within the map,

S0 as to give rise to a representation of the auditory space.

This is similar to what has been observed in the ICx of the
barn owl (Knudsen et al., 1977, Knudsen and Konishi,
1978b, Takahashi and Konishi, 1986). Patterns of activation
in the ICx when binaural stimuli with different ITDs are
applied as input are shown in Fig. 6.

4. Model analysis

In order to investigate the contributions of different
components of the system to the final activity of ICx
units, we have analyzed the model in two distinct steps.
First, to study the effect of the feed-forward connectivity
we simplified the network by removing the intrinsic connec-
tions in the inferior colliculus. When this simplification is
made an analytic examination of the activation of ICx units
is possible. The results of this analysis are shown in the first
part of this section. In the second part of this section we
focus on the analysis of the effects of lateral interactions.
Due to the analytical complexity of the model in the

37
of an ICx unit is given by

T+At f,

J AL(F)Ar(F) [cogoLr — ¢) + 1] df dt

TZAt f,

(U =1
17)

For input signals with power in the rangg,f,), the esti-
mated cross-correlation over the time windds equal to,

t—71
o) = gy | sosorna
t—W

fy
-2 J A (F)Aa(f) cogun — &) df

(18
By substituting Eqg. (18) in Eq. (17), we get
T+ At fy
(U =1 e(t) dt+ J AL(FAR(F) df (19)
T— At fa

where the second term is a constant factor related to the power

presence of reciprocal connections, we used computerof the input signals. Eq. (19) shows that, in this simplified

simulations.

4.1. Removal of lateral connections

We assume, for simplicity, that all the neurons are linear
and do not possess a memory of previous levels of activa-
tion, and each frequency lamina in the model is sensitive
only to a specific frequency value, €&, (f)=6(f —f) in
Eq. (15), wheré(f —f) is the Dirac delta function centered
onf. We also assume, for the moment, thét) = x in Eq.
(15). Under these conditions, it is possible to formally eval-
uate the activation of ICx units in the presence of the input
signalssy (t) andsg(t), when the effect of the intrinsic con-
nections has been removed in the ICx and in the ICc. This is
a procedure similar to the one performed experimentally by
Fujita and Konishi (1991).

Consider an ICx unit with preferred ITD valle Let At
be the spread of projections between ICc and ICx, that is
each ICx unit receives connections from the ICc units with
interaural time delay in the rang@ { At, T + At), andwg be
the strength of the connection between the ICc unit charac-
terized by the parameterandf and the considered ICx unit.
By approximating the summation over a large number of
ICc units with an integral, the activation of this unit is

T+ At f,

J i AL(FAR(F) [co(pir — ) + 1] df dt

T=At f,

U_|I_CX ~

(16)

where¢ = 2xft and €,.fp) is the frequency range of ICc

case, the mean activation of units in the ICx is proportional
to a smoothed version of the cross-correlation function. The
time integral in Eq. (19) has the contrasting effects of reducing
the noise contribution from one side, and broadening the
peaks of the cross-correlation function from the other.
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Fig. 7. Effect of logarithmic filtering of the input signals on binaural cross-
correlation. The two signals are delayed copies of the same signal as in Eq.

units. Assuming the case of random connection strengths i) — 25s). (Top) direct cross-correlation of the input signals. (Bottom)

with mean valugwy') = 5, the mean value of activation

cross-correlation after logarithmic filtering.
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In the more realistic case in whicHXx) in Eq. (15) is a

nonlinear function, it can be shown with a similar procedure

that the average activation of ICx units is equal to

T+At o«
ICx\ __
(Ur =
T—At —o
T+ At

n

2
T-At

=2 J Cy(t) dt+n

V, (F)G r(f) €™ df dt+n

(20)

where Gl = 2A Az €%/W is the estimate of the cross-
power spectrum in the window of observation and

¥ = = OA®

TF(AL(HAR))

‘prewhitening’ of the signals by reducing the range of varia-
bility of the spectral amplitudes of the input signals. As a
result, the peaks of the cross-correlation become sharper. An
example in which a logarithmic compressigix) = log(x),

is applied to the input signals is shown in Fig. 7. As illu-
strated in the figure, the cross-correlation of the log-filtered
signals presents a sharper peak than the direct cross-
correlation of the inputs.

4.2. Computer simulations

The behavior of the network in the presence of effective
lateral connections was studied by means of computer
simulations (see also Rucci et al., 1997, 1998). In this
section we consider results obtained with a system com-
posed of 100X 50 units in both the NL and ICc, and 100

If 7(X) is a squashing function as experimental observations units in the ICx (the number of interneurons was equal to the

seem to indicate, the processbi(f) operates in a similar
way to the phase transform shown in Table 1. It introduces a units was in place, the activation of ICx units was no longer
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Fig. 8. (Top row) Correspondence between direct cross-correlation of the input signals and ICx activation in the case of a single delay. (ayAlifidysis f
locations of the sound source. The data are averages of 10 repetitions of 15 different valuessi¥ EF3, (b) Analysis for different noise-to-signal ratios of
the inputs. The measurements for three different positions of the sound source are shown76l3 (top), Ous (middle), — 76 us (bottom)). The dashed
lines are the measurements produced by the cross-correlation algorithm, the continuous lines are the results of the model. (Bottom row)durniih #odivat

modeled ICc (c) and ICx (d) with (continuous line) and without (dashed line) the action of lateral connections. The graphs show mean valuesdnd standar

deviation of unit activity of two units in the ICc (c) and in the ICx (d) evaluated on 10 repetitions, when binaural signals with different valuesetiJiilied

as input.
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Fig. 9. (a) Spectral power density of the filtered signals in the maximum likelihood method. (b) Spectral power density in the frequency lamiaevdtlihe |
(solid line) and without (dotted line) the action of lateral connections in the ICc. Both in (a) and (b) the inputs were broad band signals witkeriipeseg
in the range 5—7 kHz and with a single interaural delay.

proportional to the cross-correlation between the input audi- when inhibition is not present. These results closely match
tory signals as in Eg. (20), even when the units were char- experimental observations in the barn owl (Fujita and
acterized by a linear activation function. Nevertheless, in Konishi, 1991; Albeck and Konishi, 1995).

the case of a single delay, direct binaural cross-correlation Lateral connections in the model had beneficial effects
reliably predicted the preferred ITD of the ICx unit with for auditory localization both at the level of the ICc and ICx.
maximum value of activation. As illustrated in Fig. 8a,b, a In the ICc, due to the reciprocal inhibition of areas tuned to
close correspondence between the delay given by the crossdifferent interaural delays and to the local excitation of
correlation algorithm and the location of the peak of activity neurons sensitive to similar delays in different frequency
in the ICx was present for different positions of the sound laminae, particularly active ensembles of cells emerged
source, even in the presence of noise. Such a corresponenly in adjacent frequency laminae with similar estimates
dence followed from the fact that the effect of inhibition of the interaural phase r (see Eg. (15)). In the laminae
in the model was to sharpen the ITD tuning of ICc and ICx corresponding to frequencies in which the signal to noise
units, without altering the preferred ITDs of these units. ratio is low, the variability of the estimate of the interaural
This is illustrated in Fig. 8c,d, where the activation of ICc phase is larger, and the activity of neurons tuned for similar
and ICx units for binaural inputs with different delays is delays at different frequencies are more dissimilar than in
plotted both with and without the action of inhibitory con- frequency bands with higher signal-to-noise ratio. The glo-
nections. As shown by these graphs, the peaks of the tuningbal result of the interaction in the ICc is a frequency weight-
functions in the two conditions are in good alignment. As ing in which the contribution of different frequency bands to
illustrated in Fig. 8d, at the level of the ICx, inhibition also the final estimate of the cross-correlation has a relationship
removed the tonic activation of the units which appears of inverse dependence with the variability of the estimate of

Tima (millisec)

-50 [ 50
Proterred ITD (microsec)

(a) (b)

Fig. 10. Echo suppression operated by lateral connectivity in the model. Course of activation in the ICx without (a) and with the action of laetiahsqbh
in the presence of two sound sources are activated one after the other. In both figures, the activity of ICx units tuned to different ITDs (hosgantal axi
represented at different times (vertical axis) with an intensity scale. The brighter a point, the more active the corresponding unit at thd tioresidere
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the phase. This is similar to the operation of the maximum correspondence between binaural cross-correlation and pat-
likelihood method (see Eq. (14)). Fig. 9 illustrates an exam- tern of activation in the ICx that can be described analyti-
ple in which input signals had an interaural delay equal to 40 cally. When the effect of lateral connections is eliminated,
uS and a large noise contributiof = 0.5) superimposed the average activation of ICx units is equivalent to a
in the frequency band 5—-7 kHz. The graphs illustrate how smoothed function of the binaural cross-correlation
the action of the intrinsic connections in the ICc reduce the estimated at a time equal to the unit-preferred ITDs. It
spectral power in the frequency band affected by noise in ashould be noted that this demonstration relies on a particular
similar manner to the maximum likelihood method. activation function of NL units, that explicitly includes the
An additional effect of lateral connections in the inferior recently observed modulation by signal amplitude, a term
colliculus can be considered in the temporal domain. In the not present in previous similar attempts to model the activa-
presence of multiple sound sources activated asynchro-tion of ICx units (Albeck and Konishi, 1995).
nously, so as to simulate the presence of echos, late occur- The formal correspondence between ICx activity and
ring peaks in the cross-correlation were suppressed in thebinaural cross-correlation no longer holds when lateral con-
modeled ICx, due to the action of inhibitory connections. nections are effective in the modeled inferior colliculus and
An example of this phenomenon is illustrated in Fig. 10 in units are considered to be non-linear. In this case, the acti-
which two signals with different ITDs (0 and 1Q&) were vation of ICx units is still linked to binaural cross-correla-
applied one after the other. The trace of activity in the ICx tion, but a more complex relationship than linear
corresponding to the second source, that is present wherproportionality exists. Using computer simulations, we
lateral connections are ineffective (Fig. 10a), disappearshave shown that several concomitant factors contribute to
when inhibition is in place (Fig. 10b). This effect is remi- improve auditory localization over direct binaural cross-cor-
niscent of the precedence effect in humans (Blauert, 1983)relation. Such improvements result in better ITD discrimi-
and is similar to results recently obtained in the barn owl nation in the presence of echos and multiple sound sources,
(Keller and Takahashi, 1996b). Such a rejection of echos and in a more reliable localization in the presence of high
further improves the reliability of auditory localization with  level of noise. An important component is the particular
respect to direct binaural cross-correlation. dependence of NL activation on the spectral amplitudes of
the auditory inputs. Experimental evidence seems to indi-
cate that the activity of NL cells is modulated by a squashed
5. Conclusions function of the product of the signal amplitudes, rather than
the product of the amplitudes itself (Rent al., 1996). We
A large amount of experimental evidence suggests that have shown that in the model a similar intensity compres-
the barn owl localizes the azimuth of a sound source by sion in the activation of NL units is responsible for sharpen-
means of a cross-correlation-like treatment of the signals ing the peaks of the cross-correlation, thus improving ITD
at the two ears. Space-specific neurons in the inferior colli- discrimination. However, when this element is considered
culus have been reported to be sensitive to the level of by itself, the increase in ITD resolution comes at the
binaural cross-correlation, so that the cross-correlation atexpense of a greater sensitivity to noise. This follows
different time-lags appears to be represented by the activa-from the assumption that modulation of NL units is inde-
tion of units tuned for different ITDs in the ICx map. Two pendent of the signal-to-noise ratio at the considered
main components seem to be crucial for the achievement offrequencies, an operation similar to the noise-independent
this result: the characteristic response of NL units to ITD amplitude normalization of the phase transform method. In
and the anatomical pattern of connectivity between ICc and the signal processing literature, other methods, such as the
ICx. Evidence has been collected illustrating that the phy- maximum likelihood filter, were designed to overcome this
siological and anatomical characteristics of the NL are com- limitation. In the model, other elements at subsequent neural
patible with the Jeffres (1948) place theory of sound stages operate together with the amplitude modulation so as
localization (Konishi et al.,, 1988, Carr and Konishi, to reduce the effect of noise. It is not known whether in the
1990). It is known (Licklider, 1951) that Jeffress’ model barn owl the activity of NL neurons is also characterized by
implements time-delayed comparisons between the variousa similar independence to the signal-to-noise ratio, or
spectral components of the input signals, which provide a whether the mechanisms underlying ITD sensitivity of NL
basis for evaluating binaural cross-correlation. The projec- units, not modeled in this study, could contribute to a
tions between the ICc and ICx, with the convergence of rejection of noise.
multiple frequency laminae in the ICc onto single neurons  Lateral connections in the model further improved audi-
in the ICx (Wagner et al., 1987) seems to operate so as totory localization in several ways. In agreement with what
combine the results of the spectral comparisons in the NL. has been observed in the barn owl (Albeck and Konishi,
In this paper, by analyzing a simplified model of the ITD 1995), inhibition at the level of the ICx contributed to dis-
pathway, we have shown that these two elements (thecount the net background input from the ICc, and lower
response profile of NL neurons and the pattern of secondary peaks of activation in the ICx map. These effects
connectivity between the ICc and the ICx) give rise to a perform a first reduction of the sensitivity of the system with
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