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Abstract

We used the position-variable model of binaural interaction to describe concurrently the experimental
results of the subjective lateralization of tones and bandpass noise. The model incorporated centroid-based
multiplicative intensity weighting and a mechanism to weight trajectories of a stimulus’ cross-correlation
function (CCF) that were consistent across frequency (i.e. straight). The stimuli of the lateralization experi-
ments we wished to describe were as follows:

¯ a tone with a range of frequencies, given a small interaural time difference (ITD) and no interaural
intensity difference (liD)

¯ a 500-Hz tone over a range of ITDs and liDs
¯ a bandpass noise with a 500-Hz center frequency over a range of bandwidths and liDs, given one of

four combinations of ITD and interaural phase difference (IPD)

The results of the latter two experiments were most important in our current research. We could not ad-
equately describe those two sets of predictions at once by using the multiplicative intensity and the straight-
ness weighting in our model. We obtained better results for the noise predictions using additive intensity
weighting such that the predicted position with an intensity difference is a proportional offset of the liD from
the predicted position with no liD. However, this type of intensity weighting alone cannot predict the pres-
ence of the cue-reversal phenomenon found in the tone/ITD/llD experiment.
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Chapter 1
Introduction

The philosophical quotation about people having two ears and one mouth so that they should listen
twice as much as they speak also contains a message relevant in the field of binaural hearing (Cherry,
1961 ).The presence of two ears greatly helps a person perform such tasks as detection, discrimination, and
localization and lateralization. Detection refers to identification of the presence or absence of a masked
stimulus. Discrimination refers to the process of distinguishing between two similar stimuli. Localization and
lateralization refer to judgment of sound direction, the difference between the two being how sounds are
presented to a subject. In the case of lateralization, acoustic stimuli are delivered via headphones so that
acoustic images usually form along a line connecting the listener’s two ears; with localization, acoustic stim-
uli are presented with loudspeakers so that the acoustic images appear in a free field around the listener
and the speakers.

To test the binaural system’s ability to judge locations of sounds, we wish to perform psychoacoustic
experiments on test subjects. For example, one simple localization task might be to blindfold a person, have
a trumpet player play his instrument at various places in a room, and have the person pointto where he or
she hears the sounds coming from. The test subject relies on both the differences in time and in intensity of
the signals reaching each ear as primary cues for the procedure of localization. Unless the trumpet player
is standing directly in front of the listener, the notes played will arrive at the listener’s ears at slightly different
times and with slightly different intensity levels, as shown in Figure 1-1. These cues of time and intensity
differences are coupled together in this type of experiment. In order to isolate the effects of reflections and
absorption from a room or from the head and body, we instead perform a lateralization experiment. That is,
we would record a trumpet sound and manipulate it so that when presented over headphones to a subject,
the sounds would appear at different locations inside his or her head.

Figure 1-1: Examples of free-field time and intensity differences.

Our ultimate goal of modeling the binaural system is realized by being able to predict and replicate the
results from psychoacoustic experiments. The experiments we focus on in this report are those of lateral-
ization. Section 1.1 provides introductions to the process of acquiring these data and to the model we used
for predictions. Section 1.2 describes the motivations behind the specific experiments used in this report
and summarizes the report’s content.

1.1 Background

An acoustic-pointing task is usually used to record the results of lateralization experiments, which is
conducted as follows. The test subject is presented with a target stimulus that has a combination of inter-
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aural intensity, phase, and time differences (liD, IPD, and ITD)1, which causes an acoustic image to appear
along a path between the ears of a listener. An ITD or an IPD is a respective time or phase difference that
exists between the signals at each ear. Unless the stimulus is a pure tone, for a constant ITD the IPD will
vary over the bandwidth of the stimulus. An lid is a difference in intensity level between the signals at the
ears. The subject points to the intracranial position formed by manipulating a pointer stimulus such that the
its location matches the target’s location. Typically, the subject may adjust only the liD of the pointer.

The model of binaural interaction we use is the position-variable model which was developed by Stern
and Colburn (Colburn, 1973, 1977; Stern and Colburn, 1978) and later modified by Shear (Shear, 1987;
Stern and Shear, 1992). It has successfully described the results of a wide variety of psychoacoustic exper-
iments, including those of lateralization, discrimination, and binaural detection. The contents of this report
deal exclusively with the results of lateralization experiments, so in this respect, the position-variable model
of the binaural system can be viewed as a black box with two inputs and one output. The inputs represent
the ears; the output, which lead to higher structures in the brain, is a position variable. The position variable
is a signed number that represents a prediction of how a stimulus is subjectively lateralized; the magnitude
represents the extent and the sign represents the side to which a stimulus is lateralized. The heart of the
black box is a cross-correlation function (CCF) of the putative response of the auditory system to the two
input signals. The cross-correlation is a function of frequency and interaural delay or lag, which represents
the peripheral filtering of the auditory system and the interaural processing that is hypothesized to exist in
the binaural system. We discuss these details further in Chapter 2.

1.2 Report Content

This report follows a chronological order to show what changes were required of the model in order to
successfully predict the results of four experiments. All experiments involved the subjective lateralization of
either tones or bandpass noise. A list of each experiment and its stimulus is listed below:

¯ Domnitz and Colburn (1977) - 500-Hz tone with combinations of ITD and liD
¯ Schiano, Trahiotis, and Bernstein (1986) - pure tones from 200 Hz to 2000 Hz with a small ITD but

zero liD
¯ Buell and Trahiotis (1991) - noise with a 500-Hz center frequency and various combinations of ITD,

IPD, and bandwidth
¯ Buell and Trahiotis (1991) - noise with a 500-Hz center frequency and various combinations of ITD,

IPD, liD, and bandwidth

A broad description of the relevant results of these experiments is presented in the following para-
graphs. The original position-variable model (Stern and Colburn, 1978) predicted results of stimuli from 500-
Hz tones. The experimental results from Domnitz and Colburn showed that the subjective position depend-
ed jointly on ITD and liD. If a pure tone is presented with a small ITD and no other interaural differences, a
subject would normally lateralize the sound to the ear or side of the head that receives the signal that is
leading in time. When pure tones are presented with large ITDs, increasing the ITD can under some circum-
stances cause the lateral position of the images to be perceived closer to the ear receiving the signal that

1. We reference all interaural differences with respect to the left ear. The following examples illustrate interaural differences
between x~, and -~R, which refer to signals presented to left and right ears, respectively:
IID=IO dB: ~c,~ has an intensity 10 times that of ~:/~.
IPD=90° of a 500 Hz pure tone: xf~ is phase-delayed 90°, or 500 p.s, relative to x_~.
ITD=500 p.s of a 500 Hz, 200-Hz wide, bandpass noise: -~L lags x~ by 500 Fs from 400 to 600 Hz. The phase delay is
again 90° at 500 Hz, but different at all other frequencies.
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is lagging in time, rather than closer to the ear that is receiving the signal leading in time. This phenomenon
has been called a "cue reversal". It is described by the position-variable model for reasons discussed in this
report and in Stern and Colburn (1978). In 1987 Shear modified the position-variable model to operate 
stimuli with a broader range of frequencies. He did this by constraining one function in the position-variable
model by using the data from Schiano et aL (1986), which showed how the lateral position depended 
the frequency of a tonal stimulus.

Stern, Zeiberg, and Trahiotis (1988a) observed lateralization results from a 500-Hz bandpass noise
presented with no liD and various combinations of ITD, IPD, and bandwidth. Trahiotis and Stern (1989) ex-
panded the number of test subjects for some of the experimental conditions, and Buell and Trahiotis (1991)
performed a complete lateralization experiment to each of the experimental conditions and extended the
data to include the effect of liDs. When referring to the results from Stern et aL (1988a), we show the cor-
responding data from Buell and Trahiotis (1991). The results showed that for certain (ITD, IPD) combina-
tions, lateral position was strongly dependent on bandwidth. The position-variable model was unable to
describe these results, and to explain why the model was unsuccessful, Stern et aL (1988a) introduced 
simpler model called the weighted-image model. This model emphasized straightfeatures of the cross-cor-
relation, which was their term for consistency of interaural-delay information across frequency of the CCF.
Straightness weighting allowed the weighted-image model to successfully predict the bandwidth depen-
dence of each stimulus condition. In Stern et aL (1991a) the position-variable model incorporated straight-
ness weighting to predict successfully the Buell and Trahiotis (1991) results.

Even while using straightness weighting, the position-variable model was unable to predict the complete
results from Buell and Trahiotis (1991), which included the effects of lids. In fact, straightness weighting
seemed to affect the predictions of each (ITD, IPD) combination differently. The objective of this report 
to consider the interaction between the methods of weighting interaural intensity differences and straight-
ness and to determine why the model is fundamentally unable to predict this experiment.

Chapter 2 reviews the position-variable model and its predictions for the tones experiments. Chapter 3
shows how the results of Buell and Trahiotis (1991) that correspond to the results from Stern et aL (1988a)
provided the motivation behind straightness weighting. Results of the tones experiments are compared with
and without straightness. In Chapter 4 we find that the model cannot describe the data of Buell and
Trahiotis (1991), which we remedy by implementing an additive-based rather than the current multiplicative-
based method of intensity weighting in the model. Chapter 5 shows the predictions of the additive model for
the noise and for the tones experiments. We will find that this type of additive intensity weighting is unable
to describe the cue-reversals seen in Domnitz and Colburn. Finally, in Chapter 6 we summarize our findings
and offer suggestions for additional work.
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Chapter 2
Review of Position-Variable Model

In this chapter we summarize the structure and predictions of the position-variable model as modified

by Shear (Shear, 1987; Stern and Shear, 1992). Section 2.1 describes the major stages used by the model
to produce an estimate of lateralization. In Section 2.2 we review the model’s predictions for the lateraliza-
tion of tones experiments performed by Domnitz and Colburn (1977), and by Schiano et al. (1986)

2.1 The Position-Variable Model
We now characterize the position-variable model of binaural interaction as developed by Stern and Col-

burn (1978) and later by Shear (1987). The hypothesized events that take place in the auditory system 
ing the process of lateralization are as follows:

¯ Filtering and processing of acoustic stimulus entering ears
¯ Cross-correlation of the filtered signals, forming what we term a binaural display
¯ Weighting of important features of the binaural display
¯ Extraction of lateralization information from the display using a centroid measure

Figure 2-1 displays the stages used to calculate the position-variable ~’ that serves as the model’s es-
timate of subjective lateral position. The relationship between the stages shown below and the ways they
are modeled are described in each of the subsections below.

Left ~.~Input

~
Peripheral
Processor |

Right

._~

Peripheral ,.~

Processor

Binaural
Timing

Displayer

b,I Intensity
¯ Comparison

Timing
Function
Generator

Distribution
of

Units

Centroid L
Computation|

Figure 2-1: Block diagram of lateralization stages in the original position-variable model (from Stern and
Colburn, 1978).

2.1.1 Peripheral Processing of the Auditory System

The periphery of the auditory system filters and processes acoustic stimuli. A stimulus reaches the ears
via the pinnae and travels through the external auditory canal into the middle ear, where it reaches the tym-
panic membrane ("eardrum") and causes vibration of the three bony structures attached to the membrane.
The chain of middle-ear ossicles amplifies the motions of the stimulus and transmits them to the cochlea.
The basilar membrane (BM) partitions the cochlea, and its mechanical properties cause different frequen-


