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Abstract

We compare the ability to perceive low-frequency sinusoidal modulations in the subjective
lateral position of a binaural image, in pitch, and in pitch strength of monaurally and dichotically
created stimuli. The stimuli used in the lateralization experiment were lowpass noises presented
with sinusoidally-varying interaural time differences (ITDs). The stimuli used in the dichotic
pitch and pitch strength experiments were comprised of signals at each ear whose power spectra
were flat between 0 and 2000 Hz. Fluctuations in pitch or pitch strength were created by
modulating either the time delay or the amount of feedback of a multiple-phase-shift filter [F.A.
Bilsen, J. Acoust. Soc. Am. 59, 511-523 (1976)]. We also examined the perception of modulations
in pitch and pitch strength of monaural lowpass stimuli with power spectra similar in shape to
the presumed “internal spectra® of the dichotic pitch stimuli. Finally, we measured the ability to
perceive frequency modulation in monaural tones. In all experiments, subjects discriminated
between sinusoidally modulated and unmodulated stimuli using two-cue two-alternative 4IFC
paradigms, and we determined the threshold modulation depth (frequency deviation, change in
feedback parameter, or ITD) as a function of modulation frequency. Results were similar in form
for all experiments: thresholds were constant for modulation frequencies up to a particular
*corner” frequency, and then increased as a power function of modulation frequency up to at

least 32 Hz. This corner frequency was between 4 and 8 Hz in all experiments. [Supported by
NIH]



Chapter 1

Introduction

The auditory system uses monaural and binaural processes to formulate perceptions of pitch,
loudness, and location of a sound. Monaural hearing refers to the auditory processing of sounds
at each ear independently of the processing in the other ear. When sounds are presented to both
ears, the monaural processing may be followed by binaural interaction. This binaural processing
exposes differences in the signals presented at each ear. In a natural environment, these
differences can arise from differences in the propagation paths to the two ears, including the
effects on the two signals from the listener’s body, head, and pinna (outer ear), as well as from

interfering objects in the environment.

These differences can be used to formulate a perception of the location of a sound’s source.
This process is called localization when the sounds originate in a free field environment, and it is
called lateralization when the sounds are presented through headphones. When two signals
presented to opposite ears through headphones are sufficiently correlated, one spatially distinct
auditory image will usually be perceived by the listener. The image is lateralized between the
ears; the perceived location of the image is called the subjective lateral position. The binaural
image associated with a diotic stimulus (:.e., a stimulus which presents identical signals to each
ear) is centered between the ears. The perceived image position of a dichotic stimulus (i.e., a
stimulus that presents different signals to each ear) is based on the amounts of interaural time

delay (ITD) and interaural intensity difference (IID) of the stimulus.

Another perceptual attribute of a sound is its pitch (or pitches). Pitch can be defined as that
attribute of auditory sensation in terms of which sounds may be ordered on a scale extending
from low to high. Monaural pitch is commonly thought to be related to the spectral composition
of a sound. Binaural pitch may depend on the spectral composition of the signal at each ear, or
on the interaural phase difference (IPD) of those signals, depending .on the stimulus
characteristics. Binaural pitch does not occur in a natural environment; it is. heard only when
dichotic stimuli with certain interaural characteristics are presented to a listener through

headphones.



This project was undertaken in order to gain better understanding of the relationships between
lateralization and binaural pitch perception, and between monaural and binaural pitch
perception. First, we wanted to test the hypothesis that the lateralization mechanism and the
binaural pitch mechanism both use the same crosscorrelation mechanism to extract timing
information (either ITD or IPD) from a stimulus. We also wanted to measure the relative
abilities of the monaural and binaural pitch mechanisms to extract pitch information from
stimuli with related characteristics. Finally, we wanted to compare pitch perception in discrete-
spectrum monaural stimuli, in continuous-spectrumn monaural stimuli, and in continuous-
spectrum dichotic stimuli with a specific IPD. These relationships were investigated by
measuring and comparing the temporal resolution in lateralization, monaural pitch perception,
and binaural pitch perception. Temporal resolution was determined by measuring the ability of a
listener to follow or resolve sinusoidal modulations in a perceptual attribute as a function of the

frequency of that modulation.

This report begins with a review in Chapter 2 of auditory phenomena that pertain to the
present research. The development of stimuli and experiments is described in Chapter 3, with an
emphasis on the creation of broadband stimuli that have variable time delays using digital filters.
Experimental results are examined and discussed in Chapter 4, and conclusions are presented in

Chapter 5.



Chapter 2
Background

This chapter provides an overview of lateralization, pitch perception, and temporal resolution.
Pertinent auditory phenomena and models are described, as are methods of measuring temporal
resolution, some classic studies of temporal resolution, and modulation detection models and
hypotheses. The final section presents the motivations for the present study and a description of

this project.

2.1. Overview of Lateralization

This section contains a review of some lateralization phenomena that any comprehensive model
of lateralization should be able to predict. This review is followed by a discussion of a general
model that attempts to explain a variety of these binaural phenomena associated with the
perception of interaural differences in a binaural stimulus. The crosscorrelation model [Sayers
and Cherry, 1957], the position-variable model [Stern and Colburn, 1978], and a binaural signal
processing model with a lateral inhibition mechanism [Lindemann, 1985] are reviewed as specific

cases of this model.

2.1.1. Lateralization phenomena

When a dichotic stimulus is presented through headphones, it may be perceived as a single
auditory image located within the head. The subjective lateral position of this image is based on
the amount of ITD and IID in the stimulus. For small ITD, the position of the auditory image is
displaced from the center of the head toward the direction of the ear at which the signal first
arrives. Similarly, for small IID, the position is shifted in the direction of the ear at which the
signal is more intense. At low frequencies, the subjective lateral position perceived from stimuli
with ITDs as small as 20 usec (or IIDs as small as 1 dB) can be discriminated from the subjective
lateral position stemming from a diotic stimulus [Domnitz and Colburn, 1‘977]. A dichotic
stimulus that is more intense in one ear but leading in time to the other ear can cause the image

to appear centered when ITD and IID are properly proportioned. In other words, ITDs and IIDs



can be combined in such a way that they tend to cancel each other’s effect on subjective lateral

position.

In a natural environment, the arrival of a sound wave that travels directly from the sound
source to the listener’s ear is usually followed by the arrival of echoes. The first wavefront
contains information that is important for localizing the sound source, but the echoes generally
contain information about the location of the objects that have reflected the first wavefront. The
auditory system tends to suppress echoes and to attend mainly to the first wavefront. This
phenomenon is called the precedence effect, and it functions as part of the auditory system’s

ability to localize the sound. This effect is also evident in the lateralization of sounds presented

through headphones.

2.1.2. Crosscorrelation Based Models

Many models have been constructed that predict binaural phenomena associated with the
perception of interaural differences in a binaural stimulus. The types of models include count-
comparison models, interaural-difference-detector models, noise-suppression models, and
crosscorrelation models [Colburn and Durlach, 1978]. The crosscorrelation-based models are of

greatest interest in this study because they have also been used to increase understanding of

binaural pitch phenomena.

A functional diagram of a comprehensive crosscorrelation-based model of binaural lateralization
is shown in Figure 2-1. A description of the functional elements included in the diagram follows
[Blauert, 1983]. The external ear model (Block A) is unnecessary in models that only predict
lateralization phenomena since the headphones bypass the external ear. The middle ear (Block B)
is essentially an impedance-matching device; it transfers energy from an air medium to a water
medium [Schubert, 1978]. The inner ear (Block C) converts deterministic hydromechanical
“analog® signals into probabilistic "digital® nerve firing patterns, with each nerve fiber tuned to
a certain characterisic frequency. Block D represents the performance of interaural
crosscorrelations on the nerve firing patterns; this results in the extraction of interaural timing
differences of the components. The interaural timing differences are displayed in a running three-
dimensional activity pattern over a frequency-delay (f-7) plane. The three-dimensional activity
pattern is weighted (in Block E) to account for interaural level differences. Binaural localization
occurs in Block F through evaluation of the three-dimensional activity pattern. An example of a
three-dimensional activity pattern is shown in Figure 2-2 for a broadband stimulus with an ITD

of 0.5 ms. If the pattern is examined along the r~direction, it is seen to be periodic with maxima

occuring at 7=0.5 ms for all f.



Figure 2-1: Functional diagram of a model of binaural signal processing. Taken from
[Blauert, 1983].
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Figure 2-2: Example of running three-dimensional activity pattern over the frequency-delay
plane, taken from [Raatgever and Bilsen, 1977]



2.1.2.1. Running Crosscorrelation Model

The extended running crosscorrelation model [Sayers and Cherry, 1957), shown in Figure 2-3, is

an early crosscorrelation model.

Figure 2-8: Extended Running Crosscorrelation Model. Figure taken from [Sayers and
Cherry, 1957)

The function of the inner ear is described by a running autocorrelation on the signal from each
ear. The interaural timing information is extracted during the running crosscorrelation on the
transformed auditory signals. Effects of interaural intensity differences are accounted for with
the independent weighting of the two halves of the time-averaged correlation resultant curves.
The judgement mechanism attempts to determine where the major area of the correlation
resultant lies with respect to the 7==0 line of the three-dimensional surface. First, the weighted
areas IL and IR under the two halves of the correlation patterns (r < 0, 7 > 0) are determined.

The judgement is made based on the normalized difference of the areas, given by the quanity
I =TI/ + I}



2.1.2.2. The Position-Variable Model

A more recent crosscorrelation model is the position-variable model of subjective lateral position
[Stern and Colburn, 1878]. It differs significantly from the crosscorrelation model of Sayers and
Cherry (1957) in that interaural crosscorrelation is performed on auditory nerve firing patterns,
IIDs are accounted for with a weighting function whose position along the time-delay axis depends
on the IID, and the judgement of subjective lateral position is based on a centroid operation

performed on the weighted crosscorrelation resultants.

A block diagram of the model is shown in Figure 2-4. The peripheral processors represent the
transformation of the signal entering the inner ear into temporal patterns of firings on auditory
nerve fibers [Siebert, 1968; Siebert, 1870; Colburn, 1977]. The modelling includes a description of
frequency-selectivity in nerve fibers, the phase-locking of the nerve firing patterns to low-

frequency stimuli, and the saturation of the time-averaged firing rate to intense stimuli.
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Figure 2-4: Block diagram of the position-variable model. Taken from [Stern and Colburn,
1978 |. .

A binaural timing displayer uses the temporal nerve-firing patterns to extract ITDs from the

frequency components of the binaural stimulus. The timing displayer, shown in Figure 2-5, is






