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In tro duction

The theme of this report is binaural interactions. Binaural interactions of soundstimuli en-
able humans (and other species)to localizesoundsin space.For example, the arrival times
of a sound at the two ears are only microsecondsapart (almost two orders of magnitude
lesserthan the duration of an action potential, seeGrothe (2003)), but birds and mammals
can usethese time di�erences to localize low-frequency sounds. This report is a discussion
of �v e papers which deal with various issuesinvolved in the understanding of such binau-
ral interactions. MacPherson and Middlebrooks (2002) examine cues that help in sound
localization and revisit the duplex theory in the context of complex sounds. Tollin and Yin
(2003) investigate the precedence e�ect - an auditory spatial illusion - in cats. Freyman
et al. (2001) report results of their experiments to determine the extent to which perceived
separation of speech and interferenceimprovesspeech recognition in free �eld. Reyeset al.
(1996) and Brand et al. (2002) are physiological studies which deal with in vitro recordings
from avian Nucleus Laminaris (NL) neuronsand in vivo recordings from MSO neurons of
the Mongolian gerbil, respectively.

Psychoph ysical studies

The acoustical cues for sound localization were explored as early as the end of the 19th
century by the British physicist Lord Rayleigh, among others. It has been known since
then that interaural time di�erences (ITDs) provide important cuesto the lateral positions
of low-frequency sourceswhile interaural level di�erences (ILDs) are important for sources
with higher frequencies(> 500 Hz). MacPherson and Middlebrooks (2002) tested this
duplex theory of sound localization in the context of complex sounds(broadband, low-pass
and high-pass) using virtual auditory spacetechniques and found that their results nicely
accordedwith the theory.

Directional Transfer Functions (DTFs) were measuredfor each listener and the derived
directional impulse responseswereusedin the synthesisof the virtual free-�eld targets. The
authors manipulated ITD and ILD cuespresent in the stimuli by imposinga wholewaveform
delay or attenuating the signal at oneof the ears. To assessthe salienceof the manipulated
cue in a manner which would permit meaningful comparisonsbetween the weights, they
derived dimensionlessweights relating bias in responsesto imposedbias in the underlying
cue. They measuredthe correspondencebetweenthe physical cueand the lateral angle,and
used this relation to convert any shift in the angular responseto a quantit y expressedin
units of the manipulated cue. The listener's weighting of the manipulated cuewascomputed
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as the slope of the linear �t betweenthe observed cuebias and the imposedcuebias. Thus,
a cue weight closeto 0 indicated a weak cue while a cue weight closeto 1 meant that the
listener derived judgements primarily from the manipulated cue (see�gure 1).

They found that ITD was weighted more heavily than ILD in the wideband condition.
In the low-passcondition, ITD weights were substantially higher than the ILD weights. In
the high-passcondition, ITD was weighted lessheavily than ILD for all listeners (�gure 2
left panel). Both onsetand envelope cueswerefound to be important in high-frequencyITD
sensitivity (�gure 2 right panel). They also manipulated the interaural level spectra (ILS)
and found that ILS shape was lessimportant than interaural energydi�erence. In another
experiment, they investigated the importance of monaural spectral cuesindependently of
ITD and ILD and found that they only had a minor in
uence on lateral angle localization.
They concluded that the duplex theory does serve as a useful description of the relative
potency of ITD and ILD cuesin low and high frequency regimes.

The precedencee�ect (PE) describes several spatial perceptual phenomenathat are
thought to be responsible for the abilit y to localize sounds in reverberant environments.
They occur when similar soundsare presented from two di�eren t locations and separated
by a delay. Physiological studies in animals have explored the neural basesfor PE using
stimuli expected to evoke it but little is known if the animals really perceive the e�ect
as humans do. Tollin and Yin (2003) measuredbehavioral localization capabilities of cats
under stimulus conditions similar to thosethat had beenusedin prior psychophysical studies
in humans and that had also beenusedfor physiological studies in experimental animals.

Cats were trained to saccadeto apparent locations of auditory/visual stimuli and cats'
eyepositionsweretracked using the scleralsearch coil technique. A fundamental assumption
here is that the cats were looking at the perceived location of the acoustic stimuli. The
authors examinedthree psychophysical aspects of PE - summing localization (percept of a
phantom sound between the two sound sources),localization dominance(loss of abilit y to
localize the secondsound) and echo threshold (the shortest delay at which a re
ection is
localized near its source).

For interstimulus delays (ISDs) between � 400�s , the apparent azimuthal location de-
pended on ISD, which is consistent with summing localization (�gure 3, right-top panel).
Summing localization did not operate in the vertical plane. If the ISDs weregreater (and �
10ms), the later arriving stimulus had little in
uence on the abilit y of cats to indicate the
location of the leading stimulus and this supports the localization dominance hypothesis.
There wasa small but signi�cant undershoot which indicated that there wasa small residual
e�ect of the lagging stimulus that pulled the apparent location of the paired stimuli toward
the spatial location of the lagging source. For ISDs about 15 ms and greater, the cats often
made saccadesto the lagging sourceon sometrials and this type of responseis consistent
with the hypothesis that at these ISDs, the cats perceived two sourcelocations but could
not consistently identify which was actually the leading source.

An important di�erence between this study and studies with human observers is that
noise-burst stimuli were repeated several times, whereasstimuli used in many human ex-
periments wereoften presented only once. Also, as the authors do point out, onecan never
be sure what the cats actually perceived. But they argue that their experiments and data
strongly suggestthat the cats do experiencethe three major perceptual phenomenaof PE.

We know that re
ections have a minimal e�ect on the perceived locations of the pre-
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sented stimuli due to the precedencee�ect. It was suggestedin the 1950sthat perceived
di�erences in location betweenspeech and interferencemight contribute to improved speech
understanding. It waslater shown that there wasan advantage in the precedencee�ect con-
dition when the masker was speech but not when it was steady noise. It was proposedthat
perceived that spatial separation provided a cue that helped listeners segregatethe speech
of the two talkers but this cue was unnecessaryfor segregatingthe target speech from con-
tinuous noise. Freyman et al. (2001) tried to determine more precisely the characteristics
of a masker that are necessaryfor it to produce informational masking of speech. They
exploredwhether unintelligible speech, or noisewith the temporal and spectral 
uctuations
of speech (in addition to speech) might also create perceived separation advantages.

Target sentenceswere 320 nonsensesentenceswhich had a subject, verb, object syntax
and performancewas scoredon thesethree keywords. The target-interferencecombination
could either be F-F (target and interference from the front loudspeaker) or F-RF (target
from the front loudspeaker and interferencefrom both loudspeakers, with the right leading
the front by 4 ms). With single-talker or two-talker speech as interference, the F-RF
condition produced better results at each SNR (�gure 4, left panels). The authors did
the experiment with high-pass�ltered speech to be sure that data werenot a�ected by low-
frequency releasefrom masking e�ects and found smaller but similar di�erences (�gure 4,
right panel). They found similar results when they used reversed speech (�gure 5, left
panel) or Dutch speech (�gure 5, right panel) as maskers. This suggeststhat perceived
spatial separation can lead to improved speech recognition even when the interference is
not understood by the listener. When the interference was modulated noise, the results
for F-F and F-RF con�gurations were similar and the authors concludedthat modulations
in talker maskers were not responsible for the improvement in F-RF conditions in the �rst
experiment.

Ph ysiological studies

Reyes et al. (1996) usedan in vitro brain slice preparation (chick) to study the properties
of Nucleus Laminaris (NL) neurons. NL contains third-order neurons that are innervated
bilaterally by a�erents from Nucleus Magnocellularis (NM) and the �ring of NL neurons
is modulated by di�erences in arrival times of sound to the ears. The authors wanted to
examinethe possibility that modulation is causedby the postsynaptic membrane properties
of NL neuronsand doesnot involve inhibitory circuitry . Under computer control, neurons
were stimulated intracellularly with current that resembled synaptic currents arriving in
NL during acoustic stimulation (see�gure 6). The synaptic current reaching the soma of
NL neurons during binaural stimulation was mimicked by constructing two sets of trains,
representing inputs from ipsilateral and contralateral NM. To simulate ITDs, the onset of
one of the trains was delayed systematically beforesummation and injection.

Their results showed that there was a trade-o� between binaural modulation of �ring
rate versusphase-locking and maintenanceof high �ring rates. High �ring rates and good
phaselocking in NL cells at high frequencieswere best achieved by having a small number
of large synaptic inputs from NM while sensitivity to di�erences in arrival times of the NM
inputs from the two sideswasbest when there wasa large number of small synaptic inputs.
To explain these con
icting requirements, the authors mention two possibilities - neurons
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with higher CFs receivingfewer and larger post synaptic currents, and by synchronizing NM
a�erents. Another important �nding was that rapidly activating outward recti�cation was
crucial for phaselocking and coincidencedetection. The model usesperfect phaselocking
and does not consider the jitter. Hence, it is a best caseanalysis. The authors do not
consider the role of inhibition. They usea point neuron model, possibly ignoring e�ects of
bipolar dendrite �ltering.

Brand et al. (2002) addressthe role of inhibitory inputs to the MSO in ITD processing.
They performed in vivo recordings from the MSO of the Mongolian gerbil, a small rodent
with good low-frequency hearing. They used iontophoretic application of glycine and its
antagonist strychnine to assessthe role of inhibition.

In the Je�ress model, it is generally assumedthat responsemaxima of ITD functions
are independent of the frequency-tuning characteristics of the neurons. However, Brand
et al. (2002) found data which does not support this view. They found that maximal
responsewas evoked by an ITD outside the physiologically relevant range (�gure 8a) and
ITD functions were steepest within the physiologically relevant range. Furthermore, the
ITD that evoked the peak responsewas dependent on neuronal tuning for sound frequency
(�gure 8b). Application of strychnine produced a signi�cant increasein discharge rate and
shifted the peak of the ITD functions towards zero ITD (�gure 9). The steepest slope of
the function fell outside the physiologically relevant range of ITDs. The functions became
nonmonotonic within the physiological range, and hence,ambiguous for ITD. From these
results, the authors arguedthat slopesof ITD functions werecritical for localizing soundsin
azimuth and preciseinhibition was necessary. They also presented simulation results using
a point neuron model for which the time constants of inhibitory post synaptic currents
had to be extremely short (0.1 ms). However, Zhou et al. (2005) argue that such brief
time constants are inconsistent with in vitro observations from MSO neuronsand propose
an alternative mechanism which predicts the above results while being consistent with the
known anatomy and physiology of MSO neurons.

Discussion and Conclusions

Tollin and Yin (2003) con�rmed that stimuli used in physiological studies to understand
neural basesof PE that were expected to evoke the PE illusion in experimental animals, in
fact, did invoke the illusion (in cats). One should be very careful while drawing inferences
about one speciesfrom physiological/behavioral studies conducted in animals of another
species.One can argue that it is impossibleto say whether cats perceived a \fused" sound
or not, and whether the undershoot in the caseof paired-sourcestimuli was simply because
of an ambiguous acoustic image. One cannot rule out these arguments entirely but the
experimental paradigm and resultsstrongly suggestotherwise. Reyeset al. (1996)conducted
in vitro recordingsin NL neuronsin the chick. Though they tried to mimic the NM inputs,
not all aspects of the in vivo cell function can be adequately mimicked by an in vitro
stimulation protocol. They concludedthat modulation of �ring wasnot critically dependent
on inhibitory inputs. Brand et al. (2002)arguedthat preciselytimed inhibition wasa critical
part of the mechanismby which ITDs areencoded in the MSO. As Grothe (2003)points out,
the role of synaptic inhibition in mammals and birds are quite di�eren t, again emphasizing
the fact that one should be aware of speciesdi�erences.
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Figure 1: Illustration of cue bias weight computation. The cue bias weight is the slope of a
linear �t to the data. (From MacPhersonand Middlebrooks (2002), �gure 4)

Figure 2: Left. ITD and ILD bias weights. Right. E�ect of onset ramp duration on high-
pass ITD and ILD bias weights. (From MacPherson and Middlebrooks (2002), �gures 5
and 6)
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Figure 3: Mean �nal eye positions averaged across5 cats to single sources(left) and to
paired sourcesas a function of ISD (right). (From Tollin and Yin (2003), �gure 3)

Figure 4: Mean percent correct key word scoresand � one standard error (From Freyman
et al. (2001), �gures 3 and 4)
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Figure 5: Mean percent correct key word scoresand � one standard error (From Freyman
et al. (2001), �gures 8 and 9)

Figure 6: Computer controlled injection of current (From Reyeset al. (1996), �gure 1)
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Figure 7: Variation of evoked �ring rate with (left ) PSC amplitude, and (right ) time-delayed
stimulation (From Reyeset al. (1996), �gures 5 and 8)

Figure 8: a. ITD functions of gerbil MSO neurons (peaksare outside the physiologically
relevant range - blue area) b. Distribution of best ITDs as a function of best frequenciesof
the neurons(From Brand et al. (2002), �gure 2)

Figure 9: c. ITD functions of a neuron(BF 1060Hz) during control condition and strychnine
application d. Average IPDs under control conditions (blue) and during application of
strychnine (red) (From Brand et al. (2002), �gure 3)
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