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Abstract In nature, sounds from objects of interest arrive
at the ears accompanied by sound waves from other actively
emitting objects and by reflections off of nearby surfaces.
Despite the fact that all of these waveforms sum at the ear-
drums, humans with normal hearing effortlessly segregate
one sound source from another. Our laboratory is investi-
gating the neural basis of this perceptual feat, often called
the “cocktail party effect”, using the barn owl as an animal
model. The barn owl, renowned for its ability to localize
sounds and its spatiotopic representation of auditory space,
is an established model for spatial hearing. Here, we brie-
fly review the neural basis of sound-localization of a single
sound source in an anechoic environment and then generalize
the ideas developed therein to cases in which there are mul-
tiple, concomitant sound sources and acoustical reflection.

1 Introduction

In the natural auditory environment, object localization
entails the segregation of interesting sounds from echoes and
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other sources of background noise. Although the literature on
the psychoacoustics of sound source segregation is rich, as is
that on the neural mechanism of sound localization of single
sources, efforts to understand the neural mechanism of source
segregation in cluttered environments has only recently been
addressed. Below, we review our understanding of this pro-
cess, with emphasis on work in the barn owl (Tyto alba), an
established animal model of spatial hearing. We will brie-
fly review the neural mechanisms of sound localization of
single sources, and then extend the ideas to the more com-
plex situations in which there are two independent sources
with overlapping spectra and in which there is an acoustical
reflection, i.e., an echo. In each case, we seek to understand
the physics of the signal that impinges on the eardrum, how
neurons in the auditory system respond to these signals, and
how the neurons’ responses affect behavior.

The animal model that we focus on, the barn owl, is a noc-
turnal bird-of-prey that can hunt by hearing alone, guided by
activity on a topographic representation of frontal space in
the external nucleus of its inferior colliculus (ICx) (Payne
1971; Konishi 1973b; Knudsen and Konishi 1978). Lesions
of this auditory space map lead to scotoma-like deficits in
sound localization, and microstimulation of the space-map
evokes a rapid head saccade to that area of space represen-
ted at the point of stimulation (duLac and Knudsen 1990;
Wagner 1993). Moreover, we have recently found that the
spatial acuity of neurons in the space map can account for
the owl’s ability to discriminate between the location of two
sound sources, a quantity known as the minimal audible angle
(MAA) (Bala et al. 2003, 2007).

We therefore treat this space map as a neural display of
the acoustic environment, and by inferring the activity evoked
across it under various acoustical conditions, we attempt to
predict the owl’s behavior and compare behavioral observa-
tions with predictions based on neural recordings. Although
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our immediate concern is the neural mechanisms that
underlie object localization in cluttered acoustical environ-
ments, the ideas are relevant to a major question of sen-
sory physiology, i.e., the link between neural activity and
perception.

2 Localization of single sound sources

The barn owl relies on binaural differences in the level and
arrival-times of sounds (ILD and ITD) to localize sounds, and
neurons of the space-map in ICx owe their spatial receptive
fields (RFs) to the computation of ITD and ILD within paral-
lel brainstem pathways (Konishi 1973a; Moiseff and Konishi
1983; Takahashi and Konishi 1988a,b; Poganiatz et al. 2001;
Poganiatz and Wagner 2001). The spatiotemporal pattern of
activity across the owl’s space map and its orienting behavior
ultimately depends upon these physical cues, so understan-
ding them is critical.

In the owl, ITD varies with the sound source’s azimuth
for the entire range of frequencies used for sound localiza-
tion (3—10kHz) (Konishi 1973a), due to the ears’ separation
along the horizontal axis. ITD remains relatively, but not
completely, constant across frequencies (Keller et al. 1998).
Unlike ITD, ILD varies considerably with frequency, so that
a single location in space is specified by a spectrum of ILDs,
(ILD(f)). From a spatial perspective, ILD varies with the
source’s azimuth at the frequencies below 3 kHz, but as fre-
quency increases, the axis along which ILD changes becomes
increasingly vertical, so that ILD varies with elevation. This
vertical asymmetry in the directionalities of the two ears is
due, presumably, to their anatomical asymmetry.

Thus, a location in space is specified by ITD(f) and
ILD(f) (Knudsen et al. 1979; Moiseff 1989a,b; Brainard
et al. 1992; Keller et al. 1998), and neurons in the space
map respond preferentially to sounds from a given location in
space because they are tuned to the frequency-specific values
of ITD (ITD( f)) and ILD( f) (Olsen et al. 1989; Euston and
Takahashi 2002; Spezio and Takahashi 2003). A given neu-
ron’s response to a sound from an arbitrary location thus
depends upon the extent to which ITD(f) and ILD(f) for
that location matches the neuron’s preferred values. We next
build on this principle to examine the neural representation
of two, simultaneously-active sound sources having overlap-
ping spectra.

3 Object localization in clutter

In nature, sound waves at the eardrums are composites of
waves arriving from multiple, actively-emitting sources as
well as passive reflections from nearby surfaces. Yet, we are
able to hear out and attend selectively to a single source in this
clutter. What are the cues that are available at the eardrum to
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execute this feat, sometimes called the “cocktail party effect”
(Cherry 1953; Sayers and Cherry 1957).

When two sounds with overlapping magnitude spectra are
presented simultaneously from two sources, the frequency-
specific binaural cues at a given instant become vector sums
of the cues corresponding to each source’s location (Taka-
hashi and Keller 1994; Blauert 1997). This is illustrated for
two sources symmetrically placed about the midline, emitting
sinusoids of identical frequency, amplitude, and phase angles
(Fig. 1a). The sinusoid received at each eardrum from each
source is depicted as vectors, or phasors that rotate (counter-
clockwise) in the complex plane (e.g., Fig. 1b). A phasor’s
angular velocity, magnitude, and angle (re: real axis) at the
signal’s start represent a sinusoid’s frequency, amplitude, and
starting phase, respectively. All of these quantities are equal
at the two speakers in this case.

The situation is more complicated at each eardrum
(Fig. 1b). The sinusoid from the left speaker (green) in the
left eardrum is shown as a green phasor. The sinusoid in the
left ear from the right speaker (red phasor) lags a bit behind
(recall that rotation is counterclockwise) because the distance
to the left ear from the right source is a bit longer than from
the left source. At the right ear, the phasors representing left
and right sources are precisely reversed relative to those in
the left ear because of the symmetrical placement of the spea-
kers about the midline. The sinusoids sum as vectors, such
that the resultant at the left and right ears (solid blue pha-
sors) is identical in angle (phase, ¢) and length (magnitude);
consequently, the left-right differences in magnitudes (ILD)
and phase angles (ITD) are zero. In other words, despite the
fact that there are two speakers on either side of the midline,
the superposition of the signals at the eardrums result in a
single phantom source located at the midline (Fig. 1a; blue
speaker; LS = RS).

Figure 1c shows the case in which the sinusoid from right
source has a higher amplitude than that from the left source.
In this case, the vector summation causes the resultant in the
right ear to be further advanced (further counterclockwise)
than in the left ear, i.e., the ITD is biased toward the higher-
amplitude source, and the phantom source is perceived as
coming from the right (Fig. 1a; blue speaker; RS > LS).

When the two speakers emit uncorrelated broadband
sources, the amplitude is likely to be higher for one source
than the other within any given frequency band at any given
instant. The ITD and ILD for that frequency band will app-
roximate the values of the higher-amplitude source. In other
spectral bands, the situation would be reversed. Over the
course of the stimulus, the cues will spend roughly equal
amounts of time assuming the values corresponding to the
loci of the two sources. As a result, there should be enough
information to represent two separate sources.

We can confirm that this is the case by recording from the
owl’s auditory space map in the ICx, the neurons of which
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Fig. 1 Sound field with multiple sources. a Cartoon of an owl facing
two loudspeakers simultaneously emitting sinusoidal waveforms. b, ¢
Phasor representations of the sinusoids at the left and right ears. The
sinusoids from the left (green) and right (red) speakers at each ear
are depicted as vectors (phasors) of corresponding colors that rotate in
the complex plane. The direction of rotation is counter-clockwise by
convention. 1b represents the case in which the two speakers’ sinusoids
are equal in frequency (rate of rotation), magnitude (length), and phase
(angle re: real [horizontal] axis). In each ear, the red and green phasors
summate to generate the resultant shown in blue. The interaural diffe-
rence in the lengths and phase angles of these resultants represents, the
ILD and ITD, respectively, which are zero in the case shown in 1b. The
owl should perceive a single sound-source directly in front (blue speaker
ina; R = L). lcrepresents a case in which the amplitude of the sinusoid
from the right speaker (red) is higher than that from the left speaker. In
each ear, the red phasors are correspondingly longer. Vector summation
produces a resultant that is more advanced (more counter-clockwise) in
the right ear than in the left. The owl should perceive a sound source
biased to the right, i.e., in the direction of the higher-amplitude source
(blue speakerina; R > L)

are tuned to the frequency-specific ITDs and ILDs at their
spatial receptive fields (SRF). Figure 2 shows the response
of a single space-map neuron when two sources of uncorre-
lated noises, diagonally separated by 42°, are passed through
the cell’s SRF. The cell’s SRF, which was measured with a
single source, is shown in Figure 2a. Figure 2b, which plots
of spike count against the sound-pair’s mean position gene-
rates two foci of high activity (red), indicating that the space-
map neuron resolves the two sources (Takahashi and Keller
1994; Keller and Takahashi 1996a, 2005) and fires when each

spike count
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Fig. 2 Neural representation of two simultaneous sources. a Shows
the response a space specific neuron to a broadband noise (100 ms)
placed at different locations in virtual frontal space (see Keller et al.
1998). In the diamond-shaped plot, the top corner is above the owl’s
head and the left corner is to the owl’s left. The pseudo-color represents
spike counts (red, high firing rate). The cell’s spatial receptive field
(SRF) is directly in front of the bird. The two white contours, labeled B
and A, depict two diagonally-separated (by 42E) virtual sound-sources
that were placed at different locations in frontal space in subsequent
experiments (b—f). The sounds from sources A and B were uncorrelated
broadband noises (100 ms) that were sinusoidally amplitude-modulated
at 55 and 75 Hz respectively. b The firing rate evoked by sources A and
B as they were swept through the cell’s SRF. The neuron discharges as
each source is swept through its SRF, generating two foci of activity
when spike counts are plotted against the center of the two sources. (c—f)
represent the degree of response synchrony to the 55, 20, 75, and 100 Hz
components. The neuron fires at the appropriate rates when sources A
and B are placed in the SRE. The synchrony to the difference frequency,
20Hz, or an arbitrary frequency, 100 Hz, is near random. In other words,
the cell is capable of spatially resolving the two sources and can convey
each source’s amplitude modulations. Details can be found in the report
by (Keller and Takahashi 2005)

source falls in its SRF but not when the two sources flank the
SRE.

The owl’s localization behavior parallels the neural res-
ponses just described: when owls trained to point their heads
toward single sound sources are presented with two, simul-
taneously emitting sources of broadband noise, they saccade
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to one source or the other with equal frequency, or, in some
trials, they make double saccades first toward one source,
then the other (Smedstad 2003).

While the cues to resolve two simultaneous sources with
overlapping amplitude spectra are available in the “acoustical
array”, and the space-map’s neurons are capable of resolving
them, can the auditory space also convey information about
the nature of the sounds from each location? After all, kno-
wing that there are two sources out there is only part of the
problem—a human listener must also know, for example, that
one person’s speech is coming from the left and another per-
son’s speech is coming from the right. How well can cells of
the owl’s space map convey information about both location
and sound identity?

‘We now consider two sources, A and B, that emit uncorre-
lated noises that are sinusoidally amplitude-modulated
(SAM) at 55 and 75 Hz, respectively (white contours; Fig. 2a).
Given the importance of a signal’s amplitude modulation (or
envelope) in deciphering communication sounds we use the
ability of the cells to synchronize their firing to the envelope
as an operational definition of the cell’s ability to convey
information about sound identity (Drullman 1995; Shannon
et al. 1995; Wright et al. 1997; Keller and Takahashi 2005).
Theoretically, the binaural cues will reach source A’s ITD( f)
and ILD(f) values 55times per second, and source B’s,
75times per second. Thus, in the space-map, the neurons
that represent sources A and B should fire in synchrony at,
50 and 75 Hz respectively, preserving information about AM
rates and loci.

Results are shown in Figs. 2c—f which plots the synchrony
of the cell’s firing to a variety of modulation rates. The red
colors indicate high synchrony. Figure 2¢ and d shows the cell
fires in synchrony to the 55 Hz (Fig. 2c) and 75 Hz (Fig. 2d)
components at the lower right and upper left foci respectively,
thereby appropriately signaling the modulation rates at each
location. Figures 2d and f show that the cells do not synchro-
nize their firing to the difference frequency 20Hz (Fig. 2e),
or an arbitrary frequency, 100 Hz (Fig. 2f).

In contrast to the idea that object identity and location are
separately represented in auditory cortex (Romanski et al.
1999), the reasoning above suggest that “what” and “where”
are inseparable due to the physics of acoustical superposi-
tion, and the neural recordings suggest that the neurons of
the space map are capable of responding to these physical
cues so as to represent both “what” and “where” (Keller and
Takahashi 2005). The same acoustical principles, described
above for the owl, have also been suggested to play a role
in the segregation of speech from the background (Roman
et al. 2003; Faller and Merimaa 2004). It is interesting to
note that when there are multiple sources, the binaural cues
are drawn to the values of the loudest source. The barn owl’s
ears are both directed directly ahead, so that sounds arri-
ving from frontal sources would tend to be loudest and thus
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capture the binaural cues (Keller et al. 1998). The well-known
head saccades of the owl may be an orienting behavior that
brings sound sources of interest into this acoustical “fovea”.

It is also interesting that with two sources, the AMs drive
the neurons at the appropriate rates, indirectly, by changing
the binaural cues. With a single sound source, AMs directly
drive synchronous neural activity. Earlier studies showed that
the space-map neurons were more sensitive to modulations
of binaural cues than to modulations of amplitude (Takahashi
and Keller 1992). We are thus led to the rather counterintui-
tive prediction that the perception of amplitude modulations
is enhanced, at least in owls, when there is a second source,
or “masker”, whose waveforms can interact with those of
the “target” to generate dynamic binaural cues to which the
space-map cells are very sensitive.

4 Object localization amidst echoes

The discussion above addressed the localization of two sound
sources whose waveforms were independent of one another,
much like to people talking simultaneously and indepen-
dently of one another. Another prevalent form of acousti-
cal interference is the echo, or more precisely, acoustical
reflections. In this case, the two sounds are not independent;
the reflected waveform is a delayed and corrupted version
of the sound coming directly from the source. When the
sound waves are longer than the time delay between the direct
and reflected sounds (“lead/lag delay”), then the direct and
reflected sounds overlap in time and acoustical interference
would be expected. Nevertheless, humans effortlessly carry
on conversations in reflective environments such as hallways,
scarcely conscious of the reflected sounds that accompany
the sounds arriving directly from the source. This ability to
segregate direct sounds from reflected sounds is a special
case of the cocktail party effect and is often called the “pre-
cedence effect” (Wallach et al. 1949). The literature on the
precedence effect in humans is rich and has been thoroughly
reviewed (e.g., Litovsky et al. 1999). We focus below on
recent findings.

A subject’s perceptual experiences under experimental
precedence conditions depend upon the lead/lag delay. When
two identical sounds are presented simultaneously from two
loci, humans perceive a single, fused, phantom target midway
between the two actual transducers. As the delay is increased
from Oms to about 1 ms, the phantom target appears to move
proportionately closer to the leading target. This phenome-
non is termed “summing localization” (as cited in Blauert
1997 pp 204-206) and can be explained in large part by the
vector summation of the signals from each source (Fig. 1).
Behavioral and neurophysiological evidence for summing
localization has also been reported in cats and owls (Yin
1994; Keller and Takahashi 1996a; Populin and Yin 1998;
Tollin and Yin 2003; Tollin et al. 2004). In an earlier study,
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an untrained barn owl was placed on a perch in a sound-
isolating room and the natural head saccades elicited by
identical clicks presented from a pair of loudspeakers posi-
tioned 45° on either side of the midline were recorded. When
the clicks were presented simultaneously, the owls typically
aimed their head to a point midway between the two spea-
kers, presumably localizing the phantom target generated by
the process of superposition (Keller and Takahashi 1996b).
Although delays less than 1 ms were not tested, studies of
the cat cited above have shown that summing localization is
observed with delays up to 0.4 ms.

If the delay between leading and lagging sources is increa-
sed to the 1-5ms range, humans perceive a single fused
phantom target closer to the leading source. This is termed
“localization dominance” or “the law of the first wavefront”
(Wallach et al. 1949; Haas 1951; Litovsky et al. 1999). At the
same time, spatial information regarding the lagging source
is degraded. The latter phenomenon, termed “lag discrimina-
tion suppression”, is manifested as a decrease in sensitivity
to changes in the lagging source’s position (Zurek 1980; Yost
and Soderquist 1984; Saberi and Perrott 1990; Freyman et al.
1991; Shinn-Cunningham et al. 1993; Yang and Grantham
1997).

Evidence for localization dominance has been observed in
the cat and owl (Keller and Takahashi 1996b; Tollin and Yin
2003; Tollin et al. 2004; Spitzer and Takahashi 2006). The
results from an owl trained to saccade toward sound-sources
are shown in Fig. 3 (Spitzer and Takahashi 2006). The head
aim at the end of a saccade (ordinate) is plotted against the
position of the leading sound source (abscissa; solid black
line). The location of the lagging sound is indicated by the
blue and red lines for trials in which the lagging sound was
placed to the left (blue) or right (red) of the lead. Trials with
single sources are indicated by black symbols and those with
a lead/lag pair are indicated by blue and red symbols for
cases in which the lagging sound was placed, respectively,
to the left (blue) or right (red) of the lead. In all trials, the
stimuli consisted of 25 ms noise bursts; for two-source trials,
the lagging stimulus was a delayed replica of the lead.

Figure 3a shows the head-aim for a lead/lag delay of 3 ms.
At this short delay, saccades for two-source (lead + lag) trials
are always in the direction of the leading source. Comparing
the black symbols (single-source trials) to the colored ones,
the precision of the saccades in two-source trials rival those
of single-source trials demonstrating a powerful localization
dominance. This precision is remarkable because with 25-ms
sounds and a delay of 3 ms, the leading and lagging sounds
largely overlap, generating complex binaural cues (Fig. 1).
Figure 3b shows the trials in which the delay was 20ms. In
marked contrast to the trials with 3-ms delays, the saccades
are now biased in the direction of the lagging sound, indica-
ting that localization dominance has weakened considerably
at these long delays. Figure 3c, which plots the proportion

Head Turn Angle (degrees)

Head Turn Angle (degrees)
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Lead/Lag-Delay (ms)

Fig. 3 Head saccades under precedence-effect conditions. In a and b,
the aim of the owl’s head at the end of a saccade is plotted against
the position of a single sound source (black dots) or the position of
the leading source in trials with a lead/lag pair (red and blue dots).
The position of the lagging source, which was always 40E to the left
or right of the leading source are shown by the blue (lag to the left
of lead) and red (lag to the right of lead) lines. In the experiments
depicted in a, the lead/lag delay was 3 ms, and the owl turned its head
in the direction of the leading source with an accuracy and precision
rivaling those to single sources. In the experiments depicted in B, the
delay was 20ms, and the owl’s saccades are now biased toward the
lagging source, suggesting that localization dominance has weakened
considerably. ¢ Plots the number saccades to the lagging source against
the lead/lag delay. The number of lag directed saccades increases as the
delay increases, with an inflection at a delay of about 10 ms. Further
details can be found in the report by Spitzer and Takahashi (2006)

of saccades biased toward the lagging stimulus against the
delay, shows that localization dominance begins to weaken
around 10ms.
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What neural mechanisms govern these behavioral
phenomena? Why does the lagging sound’s salience depend
on the echo delay? These questions can be addressed by exa-
mining the neural responses to lead/lag pairs. There are a gro-
wing number of neurophysiological studies of the precedence
effect in a variety of species and auditory structures (Yin
1994; Fitzpatrick et al. 1995; Keller and Takahashi 1996a,b;
Litovsky 1998; Litovsky and Yin 1998a,b; Fitzpatrick et al.
1999; Mickey and Middlebrooks 2001; Litovsky and
Delgutte 2002; Spitzer et al. 2004; Tollin et al. 2004), and
nearly all of these studies report that a cell’s response to the
lag source is weaker than its response to the lead source or
to a single source and that this response recovers at longer
delays. Such suppression at short delays is a possible can-
didate for the decrease in sensitivity to the binaural cues of
later arriving sounds experienced by human listeners (Zurek
1980; Stecker and Hafter 2002).

The relationship between the recovery of neural responses
and the delay at which the lag source exerts its influence, or
“echo threshold” is naturally of interest. In the IC of unanes-
thetized rabbits, the median delay value that elicits a half-
maximal discharge is about 6 ms, which is in agreement with
behavioral observations in the humans. Tollin et al. (2004)
recording from the IC of awake, behaving cats confirmed
these shorter recovery times and showed that the neural res-
ponses have recovered to 65—75% at behaviorally determined
echo thresholds (Tollin and Yin 2003).

5 Future directions

Much of the knowledge on the precedence effect has come
from studies that used stimuli with very short durations, such
as clicks. Such brief stimuli have the pragmatic advantage in
that lead and lag sounds and the neural responses they evoke
can be separated in time (see, however, Hartung and Trahiotis
2001; Trahiotis and Hartung 2002). In nature, however, direct
sounds and their reflections do overlap, raising a new set of
questions that should be addressed if we are to understand
spatial hearing in the real world.

One such question concerns the echo threshold. When the
durations of lead and lag sounds exceed the echo delay, one
can parse the stimulus into three segments: a time segment
with only the leading sound wave, which is equal in length to
the echo delay; the segment of time when both lead and lag
overlap; and finally, a time segment with only the lag source,
which would also be equal to the echo delay (if the stimuli are
of equal durations). Which part of the stimulus determines
the echo threshold? On the one hand, a neural response evo-
ked during the superposed segment, e.g., at the onset of the
lagging sound, if strong enough, may make the echo detec-
table and localizable. Alternatively, echo-threshold could be
reached if the neural response during the lag-alone segment
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becomes strong enough. The recovery of the firing rate during
the lag-alone segment better reflects the manner in which
the proportion of lag-directed saccades increases with echo
delay, leading us to favor this segment, at least tentatively
(Spitzer et al. 2004; Spitzer and Takahashi 2006).

Another question that long-duration sounds pose has to
do with localization dominance during the overlap segment.
During the overlapped period, the binaural cues are consistent
with two simultaneous sounds despite the fact that the two
sounds are perfectly correlated if correlations are computed
over their entire lengths. This is because during the period of
overlap, the non-zero echo delay causes different local seg-
ments of the lead and lag sounds to be present at any given
moment and these local segments would be uncorrelated.
(Takahashi and Keller 1994; Keller and Takahashi 1996a,
2005). The concepts described above regarding two conco-
mitant, uncorrelated sounds therefore apply (e.g., Fig. 2); in
other words, there are sufficient acoustical cues to resolve
two separate stimuli. At the same time, however, because the
leading and lagging waveforms are delayed copies of one
another, there would also be sufficient information to discern
their temporal relationships in their fine structures or enve-
lopes. Do the auditory centers above the inferior colliculus
process such delayed copies of sounds, which would mimic
reflections, differently than two independent and uncorrela-
ted sounds?

Asked in a more general way, is the precedence effect
a special case of the cocktail party effect or is it an alto-
gether different phenomenon processed within a dedicated
pathway? A pathway specialized for the processing of echoes
exists, of course, in echolocating bats. In animals that do not
actively echolocate, this pathway may serve to inform the
listener about the location of reflective surfaces or to provide
cues to the distance to a sound source (Fitzpatrick et al. 1995;
Clifton and Freyman 1997; Bronkhorst and Houtgast 1999;
Fitzpatrick et al. 1999; Burger and Pollak 2001; Pecka et al.
2007).

These are but a few of the questions that need to be addres-
sed if future studies to understand spatial hearing in cluttered
naturalistic environments.
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