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A model for the subjective lateral position of 500-Hz tones is presented and compared with experimental
lateralization data. Previous papers in this series have explicitly described the auditory-nerve response to
these stimuli and proposed a binaural displayer that interaurally compares the auditory-nerve firing times.
The outputs of the displayer are postulated to represent the only information about detailed firing times
that is available to the brain. In the present paper, lateral-position predictions are obtained by a central
nonoptimal weighting of these outputs that depends on the interaural intensity difference of the tone.
These predictions describe the results of lateralization-matching experiments more accurately and over a
wider range of stimulus conditions than previous theories, except for those results which suggest that low-
frequency binaural tones can generate multiple perceptual images. The predictions of our model are also
consistent with the results of centering and laterality-comparison experiments. It is argued that the data
discussed in this paper are generally incompatible with theories that propose a peripheral interaction of
interaural timing and intensity information such as the latency hypothesis.

PACS numbers: 43.66.Pn, 43.66.Ba

INTRODUCTION

This is the fourth of a series of papers concerned with
the development of a theory of binaural perception that
is able to describe a wide variety of observed phenomena
under a unified theoretical framework, and that is con-
sistent with present knowledge of peripheral auditory
physiology. In this paper we extend the previous work
to describe the subjective lateral position of 500-Hz
tones and we compare our predictions to the results of
subjective lateralization—matching experiments. The
work reported here is part of a project (Stern, 1976)
that includes the application of this model to interaural
discrimination and binaural detection experiments under
the assumption that judgments in these experiments are
based on subjective lateral position. We plan to dis~
cuss these aspects of the work in future publications.

In the previous papers of this series (Colburn, 1973,
1977a, 1977b; Colburn and Latimer, 1978) a model of
binaural interaction is presented that describes essen-
tially all binaural detection data. The model includes
an explicit description of auditory-nerve activity and a
display of interaural timing information., Discrimina-
tion and detection predictions were obtained in the pre-
vious papers by assuming an optimal linear combination
of the displayer outputs. In Colburn and Latimer (1978)
it is shown that the information available to the decision-
making component of this model must be further re-
stricted in order to describe the results of interaural
time-discrimination experiments.

In this paper we postulate that available information
is restricted to a single internal variable that describes
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subjective image position and that serves as the decision
variable for interaural discrimination experiments.

This postulate is motivated by our subjective experience
that lateral position is the primary cue for interaural
discrimination judgments and is supported by most of
the results of Domnitz and Colburn (1977), whose ex-
periments on lateral-position matching and interaural
discrimination were designed to test this hypothesis.

In the present paper, we attempt to relate their lateral-
ization results to the description of auditory-nerve fir-
ing patterns and the binaural displayer used in the pre-
vious papers of this series. Specifically, we extend the
model by proposing a (nonphysiologically based) mech-
anism that generates a position variable by combining
the outputs of the binaural displayer with an intensity
function that depends on the interaural amplitude ratio
of the stimulus. The predictions of this extended model,
which we call the position-variable model, are compared
to data from lateralization-matching experiments in

this paper. The position-variable model is of interest
for the issues discussed in this paper and for its ability
to predict results of discrimination and detection experi-
ments (Stern, 1976). We plan to discuss these aspects
of this model in later publications.

In Sec. I of this paper we state the assumptions spec-
ifying the position-variable model. In Sec. II we com-
pare the predictions of the model to lateralization-
matching, centering, and laterality-comparison data,
and in Sec. III we compare our model to other models
that describe the laterality of binaural pure tones.

I. THE MODEL

Qur model is almost completely determined by a de-
scription of our fundamental internal variable Pthat is
postulated to be monotonically related to subjective lat-
eral position. In our model P is the centroid of the
product of two functions called the timing and intensity
functions, which are related to the corresponding inter-
aural differences of the stimulus. In Fig. 1 we show the

© 1978 Acoustical Society of America 127

oaded 25 May 2010 to 128.2.130.32. Redistribution subject to ASA license or copyright; see http://asadl.org/journals/doc/ASALIB-home/info/ter



128

Eg Lp(®)
P

128 R. M. Stern and H. S. Colburn: Madel for subjective lateral position
MONAURAL
PROCESSOR INTENSITY-
FUNCTION
LEFT
GENERATOR
INPUT | oERipHERAL
~—™| PROCESSOR
{tn}
AUDITORY- TIMING - - TIMING -
NERVE ( : FUNCTION
FIBERS DISPLAYER J—»{ GENERATOR
RIGHT
INPUT | pERIPHERAL
~— "| PROCESSOR
MONAURAL
PROCESSOR
JEFFRESS-COLBURN TIME - INTENSITY
PHYSIOLOGY MODEL INTERACTION

LeiT)

Ly (¥) POSITION

CENTROID | ESTIMATE
A

COMPUTER

OECISION-VARIABLE
GENERATION

FIG. 1. Block diagram of the position-variable model. The peripheral processors and timing displayer with outputs L,, have been
described by Colburn (1973, 1977a). The timing function L4(7)isthe density of interaural coincidences in auditory-nerve event

times recorded by the timing displayer with respect to the internal delays 7 of the fiber pairs.
Gaussian-shaped and its location along the T-axis depends on the interaural intensity difference of the stimulus.

The intensity function L (1) is
The position es-

timate B is obtained by computing the centroid of the position function Lp(T), which is the product of the timing and intensity func-

tions.

generation of B from the acoustical signals. The signal
entering each ear is transformed into temporal patterns
of firings on auditory-nerve fibers by probabilistic
peripheral processors (Colburn, 1973, 1977b). The fir-
ing times are interaurally compared by the timing dis-
player (Colburn, 1977a), which generates the set of out-
puts L, from which the timing function L {(T) is generat-
ed. The timing function L(7) is related to the inter-
aural crosscorrelation of the binaural stimulus, as de-
scribed below, and the variable 7 can be thought of as
the argument of a erosscorrelation function. The in-
tensity function L {7) is postulated to be a deterministic,
pulse -shaped function which has a fixed width (and
shape) and a location along the T axis that depends on
the interaural intensity difference of the stimulus.! As
stated above, the position estimate, Pis equal to the
centroid of the product of the time and intensity func-
tions. Note that the random nature of the auditory-
nerve description implies that the {L_}, Ln(7), and P
are all probabilistic quantities [in contrast to L,(7)
which is not] and, further, that no additional source of
variability is present in the model.

A. Description of the model

Our specific assumptions for the description of audi-
tory-nerve activity are given quantitatively in Colburn
(1973). These assumptions are selected to deseribe the
results of physiological studies by Kiang and his associates
(Kiang et al., 1965; Kiang, 1968) rather than any spe-
cific psychoacoustical phenomena, and are an extension
of the theoretical work of Siebert (1968, 1870). The fir-
ing times of the auditory-nerve fibers are described as
sample functions of statistically independent nonhomo-
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geneous Poisson processes (defined in Parzen, 1962),
with instantaneous expected rates of firing that depend
on the acoustical stimulus. Expressions for these rates,
which are given in Appendix A, describe the frequency-
selectivity of the cochlea, the synchrony of the firing
patterns to the detailed time structure of a low-frequen-
cy stimulus, and the saturation of the time-averaged
firing rate to intense stimuli.

The timing displayer has been described in detail by
Colburn (1977a) and is similar to a model proposed by
Jeffress (1948). In brief, it consists of a network of
binaural units, each taking input from two auditory-
nerve fibers with the same frequency characteristics,
one from each ear, with a small fixed delay inserted on
one side. Each unit counts coincidences in firing times
of the two input fibers (after the delay) within a short
time interval (10 ps). Figure 2(a) shows the expected
relative number of firing-time coincidences recorded
by these units as a function of their internal delay 7, in
response to a 500- Hz binaural tone presented with the
signal to the left ear delayed by 500 us.? The delays are
fixed for each pair and distributed over the pairs inde-
pendently of all other model parameters according to a
density function p(1) shown in Fig. 2(b). The specific
shape of the function p(1) was chosen to describe the de-
pendence of antiphasic binaural detection thresholds on
frequency (Colburn, 1969).

The timing function L(7) is defined to be the number
of coincidences occurring during the stimulus presenta-
tion from all fibers in a fixed range of characteristic or
“best” frequencies as a function of internal delay. This
range of characteristic frequencies is chosen to optimize
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interaural discrimination performance predicted by the
model at moderate levels (55 dB SPL), and is 190-3350
Hz for 500-Hz puretone stimuli.? Expressions for the
timing function are derived in Appendix A. Because the
set of fibers used to compute L (1) is fixed, some of the
coincidences included in the function L,(7) will be from
fiber pairs that are not synchronized to the stimulus
when the stimuli are presented with low overall inten-
sities and/or large interaural amplitude ratios. The ex-
pected value of the timing function for a 500-Hz tone
presented with a 500-us time delay is shown in Fig. 2(e),
assuming that all fibers pairs in the fixed range of fre-
quencies are synchronized to the stimulus tone. In this
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FIG. 2. Generation of the timing function Lx(7) and position
functions L p(7) for 500-Hz tone with +500-48 interaural time
delay. Shown as a function of the internal delay 7 of the fiber
pairs are (a) L, (1), the relative number of coincidences ob-
served by a single fiber pair, (b) p(7), the relative number of
fibers pairs, and (c¢) the timing function Lp(;), which is the
product of L, (1) and p(r), These functions are plotted assum-
ing that all fibers are synchronized to the stimulus tone, In
(d) and (e) we show the generation of the position function for
a reinforcing (right leading and louder) combination of time
and intensity differences. The position function Lp(T) shown
in (e) is the produect of the timing function L4(7) in {(c) and the
intensity funetion L, (1) in (d). Similarly, in (f) and (g) we
show the generation of the position function for a canceling
(right leading; left louder) combination of interaural intensity
differences. For these stimulus conditions Lz(7) in (g) is the
product of Lp(7) in (c) and L) in (f). In (e) and (g) B, the
centroid of Lp(7), is indicated by the vertical line. Note that
in (a), (¢), (e), and (g) we plot the expected value of random
functions, while the functions in (b), (d), and (f) are determin-
istic. All functions are plotted using an arbitrary vertical
scale, and for reasons of clarity we use intensity functions
L,(7) that are considerably more narrow than those used in the
actual computations. [To make this figure more intuitive
(right-lateralized image on the right side of the graph), we cor
sider the internal delays to be in the channels from the right
ear (rather than the left as in our previous papers), so that
the variable 7 in this figure corresponds to — 7, in previous
papers of this series. ]

case Lp(7) is proportional to the product of the func-
tions L, (1) and p(1) shown in Figs. 2(a) and 2(b).

The intensity function L,(7) is assumed to be a de-
terministic Gaussian function of 7, with a fixed width
W,. The location of this pulse-shaped function along
the T axis depends on «,, the interaural intensity dif-

ference of the stimulus, according to the funetion M, (a,)4

The parameter W, and the function M,(a,) are chosen to

fit data in lateral-position-matching experiments, as

specified below.

The position function Ly(7) is the product of the tim-
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ing function L,(7) and the intensity function L(r);. that
is, for each 7,

Lp(1)=L,(1) Lo(7). (1)

The position variable P is the centroid along the 7
axis of the position function Lp:

ﬁ:ﬁ: TLp(T)dT/j:: Lp(r)dT. (2)

Figures 2(c)-2(g) show how the position function L p(7)
and the position variable P are calculated for a typical
set of reinforcing (louder side leading in time) or ean-
celling (louder side lagging in time) set of interaural pa-
rameters for a 500-Hz tone.? In Figs. 2(c)-2(e) we plot
the timing function L{7), the intensity function L,(7),
and their product, the position function Lp(7), for the
reinforcing stimulus conditions; these functions for can-
celing stimulus parameters are shown in Figs. 2(c),
2(f), and 2(g). The heavy vertical bar in Figs. 2(e) and
2(g) shows the location of the centroid of Lp(7), which is
the expected value of the position variable P. A com-
parison of Figs. 2(d)-2(g) illustrates that the location
of the intensity weighting function L,(7) along the T axis
varies with the interaural intensity difference of the
stimulus, causing L,(7) to emphasize either the primary
or secondary peak of the timing function, Lp(7). For
the canceling-cue case (right leading; left louder) in
Fig. 2(g) the centroid of the position function lies be-
tween its two peaks, and to the left of the origin. Clear-
ly there exists a smaller interaural intensity difference
with the left side louder that will give rise to a centered
position-function centroid, corresponding to a “trading”
of the interaural time and intensity differences.

B. Comments

An implicit assumption of our model is that the spatial
attributes of a binaural tone are adequately described by
the single variable P related to the lateral position of a
single image, and that the shape of that image does not
change significantly when the stimulus parameters are
varied. This assumption is not directly tested by the
experimental results of Domnitz and Colburn (1977) be-
cause their subjects were instructed to match the “cen-
ter” of the pointer tone to the “center” of the test tone.
On the other hand, the results of some previous lateral-
ization studies (Whitworth and Jeffress, 1961; Sayers,
1964; and Hafter and Jeffress, 1968) imply that a bin-
aural pure tone may be perceived with more than one
spatial image. Other lateralization results (e.g., Shax-
by and Gage, 1932; Moushegian and Jeffress, 1959) ex-
hibit a very low trading ratio, implying that the depen-
dence of subjective lateral position on the interaural in-
tensity difference of the stimulus is small. Qur single-
image intensity-dependent predictions necessarily differ
from these results. We assume the existence of only a
single unimodal binaural image in the theoretical pre-
dictions described in this paper primarily for reasons
of simplicity. A second subjective image similar to the
ones described by Whitworth and Jeffress (1961) and
Hafter and Jeffress (1968) could easily be obtained from
the present model by computing the centroid of the un-
weighted timing function L,(7). We plan to discuss the
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significance of our single-position assumption further
in a future publication concerned with interaural dis~
crimination experiments.

We close this section with several comments about
the interaction of time and intensity information in our
model. First, the multiplicative weighting of the coin-
cidence counts by the deterministic intensity-dependent
function was chosen because it offers a relatively sim-
ple combination of interaural timing and intensity in-
formation with a relatively small number of fitted pa-
rameters. Given the structural assumptions defining
the model (including the assumed range of fiber frequen-
cies which are included in computations), the only free
parameters to be fitted to the data are the width param-
eter W, of the intensity function L,(r), and the function
M) describing the dependence of its location along
the 7-axis on interaural intensity difference. The posi-
tion predictions of the model do not appear to be very
sensitive to the exact shape of the weighting function
L(1), although its width is important. The multiplica-
tive weighting by the intensity function and the centroid
computation constitute, in effect, a nonoptimum weight-
ing of the timing displayer outputs {L,} by coefficients
proportional to 7,L,(r,). [These are different from the
nonoptimal weighting coefficients discussed in Colburn
and Latimer (1978). ]

We wish also to note that interaural intensity differ-
ences affect the predictions of the model in two ways.
First, the interaural intensity difference determines the
location of the intensity function Z; (1) and thereby af-
fects the position variable (as illustrated in Fig. 2).
Second, as the signal to one ear is attenuated, the
function L,(7) becomes flatter, because an increasing-
ly large percentage of fiber pairs with one or both fibers
discharging spontaneously is included. Since spontane-
ous discharges are not phase locked to the stimulus
tone, coincidences with spontaneous discharges are
equally likely to be recorded at any value of 7. The
contribution of these fiber pairs to the position variable,
then, would be independent of the time delay of the stim-
ulus, and the overall effect of the interaural time delay
of the stimulus on the position variable P will decrease.
In the limiting case of a monaural presentation the ex-
pected number of coincidences per fiber pair [Fig. 2(a)]
would be independent of the internal delay of the fiber
pair for all pairs, and the timing function would depend
only on the relative number of fiber pairs p(7).

Finally, our description of the auditory-nerve pat-
terns dictates that the locations of the modes of the tim-
ing function are unaffected by changes in the interaural
intensity difference of the stimulus. X we had assumed
a peripheral conversion of intensity to an equivalent
time delay, as in the latency hypothesis (cf. Deatherage
and Hirsh, 1959), the locations of the modes of the
timing function as well as the position function would
depend on the interaural intensity difference of the
stimulus.

1l. COMPARISONS OF PREDICTIONS TO DATA

We now compare the predictions of the position-vari-
able model to experimental results based on lateraliza-
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FIG. 3. (a) Experimental lateralization-matching results,
showing the interaural intensity difference of a pointer tone re-

quired to match the position of a 500-Hz test tone as a function
of the interaural intensity difference a and interaural time

delay 7, of the test tone [from Domnitz and Colburn (1977)].

(b) Theoretical predictions for the same stimuli, which were
obtained using a Gaussian intensity function L (1) with a value
of 1778 ps for the width parameter Wy, and the function for the
location along the T-axis My(a,) shown in Fig. 4. The timing
function was obtained by averaging over all fiber pairs with
characteristic frequencies between 190 and 3350 Hz.

tion judgments. We have attempted to consider experi-
ments that are representative of all major types of lat-
eralization-based tasks in the literature.

A. Lateralization-matching experiments

We first consider the ability of the model to describe
data on lateralization-matching judgments. Figure 3(a)
shows the average results of a series of such experi-~
ments by Domnitz and Colburn (1977) in which subjects
varied the interaural intensity difference of a 500-Hz
interaurally in-phase pointer tone to most closely match
the position of a dichotic 500-Hz tone. Each set of con-
nected points shows the dependence of the interaural in-
tensity difference of the pointer tone on interaural time
delay 7, of the test tone with the intensity difference
a, of the test tone as a parameter. We refer to these
data (and the corresponding predictions) as “position
curves.” Since the stimuli are 500~-Hz tones, these
position curves should be periodic in time delay with
2000-us period. (We assume that the 500-ms duration
and 50-ms rise-fall times of the tone bursts used in this
experiment are sufficiently long that the amount of stim-
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ulus energy at frequencies other than 500-Hz is negli-
gible.)

Our predictions for the same experiment are shown
in Fig. 3(b), obtained with a value of 1778 us for the
width parameter W, and with the function M (&) shown
in Fig. 4. These values of M,(a) and W, were chosen
to describe the lateralization data for tones generally
and, in particular, to most closely describe the time de-
lays at which the derivative of lateral position with re-
spect to interaural time delay changes sign.®

We find the agreement between data and predictions
satisfactory. In particular, we note that the following
properties are common to both sets of curves.

(1) The position curves may be approximated by par-
allel straight lines in the region where both interaural
time and interaural intensity differences are small,

(2) Time-intensity trading occurs in that a centered
image is achieved by many combinations of interaural
parameters with the louder side lagging in time.

(3) As the magnitude of the intensity difference in-
creases, the effect of interaural time delay on position
decreases. (In the limiting case of a monaural presen-
tation, position is independent of interaural time delay.)

(4) The curves exhibit zero slope with respect to in-
teraural time delay for certain delays. We call these
time delays “cue-reversal points” because a small in-
crease in the interaural time delay of a tone causes its
subjective position to move toward the right for total
interaural time delays between 0 pts and either cue-re-
versal point, and to the left otherwise. The time delays
at which cue-reversal points are observed increase as
the interaural intensity difference increases.

(5) For interaural intensity differences of 0 or +3 dB
the slopes of the position ecurves are greater about 1000
is than about 0 ps time delay.

We briefly discuss the bases within the position-vari-
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FIG. 4. Dependence of the location of the model’s intensity
function M (a,) on o, the interaural intensity difference of the
stimulus.
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able model for these predictions in Appendix B, and the
extent to which other models of subjective lateral posi-
tion describe these data in Sec. III. The data and pre-
dictions in Fig. 3 are in general agreement with pre-
vious results by Moushegian and Jeffress (1959) and
Sayers (1964), although there are some differences in
the trial-by-~trial results of the latter study as discussed
in Domnitz and Colburn (1977). We have chosen to fit
the free parameters of our model to the data of Domnitz
and Colburn because these data were obtained with the
widest range of stimulus conditions, and with direct
monitoring of the acoustical stimulus delivered by the
headphones.”

Figure 5 shows predictions for the standard deviation
of the position estimate. The standard deviations are
specified in the same units as P, i.e., in terms of the
interaural intensity difference of the matching acoustical
pointer. These predictions are plotted for the same
stimulus parameters and with the same values of W;and
M/(«) as in Fig. 3. The main properties of the curves
are that the standard deviation increases (i) as the in-
teraural intensity difference of the stimulus increases
and (ii) as the interaural time delay approaches half the
stimulus period. For large intensity differences the
curves are asymmetrical, with the standard deviation
slightly greater when the interaural parameters are
cancelling {(louder signal lagging). This asymmetry is
consistent with the subjective reports of image width by
subjects performing interaural discrimination experi-
ments (cf. Domnitz, 1973).

B. Centering experiments

Many experimental investigations of binaural lateral-
ization have employed a technique by which subjects ad-
just the interaural time or intensity difference of a pre-
sented binaural sound to produce a centered preceptual
image. In two such studies using pure tones, Elpern
and Naunton (1964) and Young (1976) measured the in-
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FIG. 5. g’ﬁ, the predicted standard deviation of the position
variable P, in terms of the interaural intensity difference of
the pointer tone in dB, for the stimulus parameters used in
Fig. 3.

J. Acoust. Soc. Am., Vol. 64, No. 1, July 1978

INTERAURAL PHASE DIFFERENCE (DEGREES)

} 30 60 90 120 150 180
1 1 l L 1 i [

>
b
g -2+
Za
=
28 -4+
28
x @
S 61
&L
wa
=z "B
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tensity differences producing centered binaural images. Data
from Young (1976) at 70 dB SPL and 400 Hz (v) and 600 Hz
(4), Elpern and Naunton (1964) at 40 dB SL and 500 Hz (a).
Predictions of the model are indicated by the solid curve.

teraural intensity difference required to center a stim-
ulus presented with an interaural time delay. In Fig. 6
we compare some of the data from these experiments to
the corresponding predictions of the position-variable
model. The Young (1976) data plotted in Fig. 6 were
obtained at frequencies of 400 and 600 Hz, and we con-
sequently express all data and predictions in terms of
interaural phase, rather than time delay. We have as-
sumed that Young’s subjects exhibit no consistent left—
right bias in their lateralizations, and have averaged
their data for symmetric phase differences (such as
+90° and — 90 °).

The predictions of the model are in reasonable qual-
itative agreement with the data. The phase difference
for which the greatest intensity difference is required
to center the image is approximately 90° in the data and
approximately 75° in the predictions. These results
are easily accounted for in terms of the data and pre-
dictions of Fig. 3. For example, it is seen in Fig. 3(b)
that approximately 9-dB interaural intensity difference
is needed to center a 500-Hz tone presented with ~400-
s interaural time delay, while only 3 dB is needed if
the tone is presented with a - 75- or —860-ys delay.®
The guantitative discrepancies between the predictions
and data (and between the data of the two different ex-
periments) may be the result of differences in the fre-
quencies or overall intensities at which the stimuli were
presented (400 and 600 Hz and 70 dB SPL for Young ver-
sus 500 Hz and 55 dB SPL for Domnitz and Colburn),
differences between the subjects of the two centering
experiments and those used in Domnitz and Colburn’s
(1977) experiment, or differences in the experimental
paradigms.

C. Laterality-comparison experiments

We now consider the results of two studies (Yost

et al., 1975; Molino, 1974) in which subjects judged the
relative laterality of tonal stimuli. In the first study
(Yost et al., 1975), subjects were presented two binau-
ral stimuli during each trial and were required to in-
dicate which of the two tones was perceived farther to
the right. The first stimulus of each trial contained
only an interaural time delay, and the second only an

/nloaded 25 May 2010 to 128.2.130.32. Redistribution subject to ASA license or copyright; see http://asadl.org/journals/doc/ASALIB-home/info/terms



133 R. M. Stern and H. S. Colburn: Model for subjective lateral position 133
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interaural intensity difference. The results for 55 dB
SPL and 500 Hz are plotted in Fig. 7(a) in the form of

2 scores for percentage of judgments to the right as a
function of the interaural intensity difference of the sec-
ond tone, with the interaural time delay of the firsttone
as a parameter. The second study (Molino, 1974) is
more complex; it was concerned with the extent to which
externalized sound sources could be simulated withhead-
phones, and consisted of parallel studies using stimuli
presented both in a free field, and with headphones. We
consider only the headphone experiment at this time.
The stimuli contained combinations of interaural time
delay and intensity difference that would be measured

at the ears in response to a tonal point source in a free
field at a given azimuth angle. Subjects were fixed with
an arm extended toward one of four reference azimuths,
and indicated the relative laterality of presented di-
chotic tones with respect to the position of the arm. Z
scores for percentage of judgments toward the right for
the 500-Hz case are plotted as a function of the simulat-
ed azimuth angle in Fig. 8.

Predictions of the model are compared to the 55-dB
SPL data of the Yost ef al. experiment in Fig. 7 and to
the 500-Hz data of the Molino experiment in Fig. 8.
The predicted z scores were obtained using the expres-
sion

oy g i ”» k(E[P] E[P ])
A(Cright") == S @3)

where in the Yost ef al. experiment E[B], EfP,,|, o
and Opeor 2TE the means and standard deviations of the
position estimates for the two stimulus tones. In the
Molino experiment, P and f’,,, are the position esti-
mates for the presented tone and a tone containing the

interaural parameters of the “ reference azimuth” to-
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ward which the subject pointed. The constant & is fitted
to most closely describe the 0-pus data in the Yost ef al.
experiment and the 0 °-azimuth data in the Molino ex-
periment. Since the curves of Figs. 7 and 8 are plotted
with the fitted parameter 2, comparisons of predictions
to data are discussed in terms of ratios of predicted 2
scores rather than the absolute scores themselves.
This is done because predicted absolute sensitivity is
dependent on such model parameters as the number of
fiber pairs used and the criteria for obtaining a coin-
cidence in interaural event times, which are either
loosely or arbitrarily specified by the model.

The data and predictions of the Yost et al. (1975) ex-

Z{"RIGHT™

A 4 4
- - -
* [
A
] s =
1 L —

} T
20 [/, 40 / 80
| |
S y
B
. SIMULATED AZIMUTH
21 . (DEGREES)

FIG. 8. Observed and predicted z scores for percentage of
lateralization judgments toward the right side with respect to
reference azimuths of 0°, 30°, 60°, and 75°. 500-Hz stimuli
were presented through headphones with interaural time and
intensity differences that simulated the free field conditions
for a given azimuth. Data from Molino (1974) for Subjects
N. L. (a) and M. S. (m). Predictions of the model are indi-
cated by the solid curves.
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periment can be characterized by two major observa-
tions. First, the intensity difference producing the
closest match in subjective lateral position to a given
interaural time delay (which is indicated by the z =0 in-
tercept for eachcurve) increases less rapidly as afunc-
tion of time delay as the timedelay is increased.? This
can be expected from the predictions of Fig. 3(b) in that
the slope of the 0-dB position curve decreases with in-
creasing interaural time delay.!® The second trend of
Fig, 7is that the variability of the position judgments
(which is inversely related to the slope of the performance
curves for a given time delay) increases as the time de-
lay of the first tone increases. This trend is consistent
with the increase in the standard deviation of P of the
first tone (which is increasing in time delay) and the
second tone (which is increasing in intensity difference)
as seen in Fig. 5.

The data for the two subjects in the Molino (1974) ex-
periment at 500 Hz are shown in Fig. 8 along with the
corresponding theoretical predictions, for reference
azimuths of 0°, 30°, 60°, and 75°. The predictions
adequately deseribe the data, although less accurately
for the 75 ° reference condition. Predicted and observ-
ed lateralization acuity (which is proportional to the
slope of the performance curves for each reference
azimuth) decrease as the reference azimuth increases
from 0° to 90°, This trend in the predictions of the
model occurs for at least two reasons. First, the com-
binations of interaural time and intensity differences of
the presented stimuli approach the cue-reversal points
on the position curves for azimuth angles between 60 °
and 90°, so there is little change in E[P ] with changes
in azimuth for these stimuli. (The time and intensity
differences used in the experiment are tabulated in
Molino, 1974. The simulated azimuths between 60 °
and 90 ° contain an interaural intensity difference of 4
dB and interaural time delays between 490 and 650 gs.)
Second, the predicted standard deviation of P increases
as the azimuth approaches 90 ° because the presented
interaural time delays and intensity differences both in-
crease in magnitude.

{11, COMPARISONS WITH PREVIOUS MODELS

We now compare the position-variable model to two
other models of binaural interaction that generate pre-
dictions of subjective lateral position, the lateralization
model of Hafter (1971) and the crosscorrelation model
of Sayers and Cherry (1957). The count-comparison
model of van Bergeijk (1962) is not considered at this
time because it is not sufficiently specified to enable a
critical comparison to the data of Domnitz and Colburn
(1977).

A. The lateralization model

The lateralization model (Hafter and Carrier, 1970;
Hafter, 1971; Hafter and Carrier, 1972) relates inter-
aural discrimination and binaural detection performance
to changes in the lateralization of a binaural image.
[Similar comparisons using the position-variable model
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have been made (Stern, 1976) and will be discussed in
later publications.] The description of position used
thus far in applying the lateralization model to the dis-
crimination and detection data, however, correctly de-
scribes only a limited portion of the lateralization-
matching results of Domnitz and Colburn (1977). In
particular, Hafter and Carrier have assumed a linear
dependence of predicted position on the interaural time
and intensity of the stimulus, and a constant standard
deviation of the position variable. These assumptions
are consistent with the lateralization-matching data and
the predictions of the position-variable model for tonal
stimuli with small interaural differences (as seen in
Figs. 3 and 5), but such a description cannot be applied
to a more general class of stimuli without modification.
Some of the important subjective phenomena that are
only observed with larger interaural differences are the
cue-reversal points in the lateralization-matching re-
sults, and the decreased sensitivity of subjective later-
al position to interaural time delay for large intensity
differences [Fig. 3(a)]. The results of the centering and
laterality-comparison experiments discussed in this
paper are also not predicted by the lateralization model
using its current description of lateral position.

Hafter and Carrier (1972) have also suggested that the
linear dependence of position on interaural time and in-
tensity differences (for interaural differences of small
magnitude) implies a peripheral intensity-to-time con-
version at the site where motion of the basilar mem-
brane is transduced to activity along the auditory nerve.
We list three difficulties with this and all peripheral
time-intensity trading hypotheses. First, the vertical
as well as horizontal translation of the lateralization-
matching curves in Fig. 3(a) with changes in the inter-
aural intensity difference of the stimulus are inconsis-
tent with a peripheral intensity-to-time conversion, as
noted by Sayers and Toole (1964). Second, a peripheral
trading hypothesis is incompatible with the differences
in form of time and amplitude just noticeable differences
(jnds) measured by Domnitz and Colburn (1977); in par-
ticular, very poor time-discrimination performance is
observed for certain combinations of interaural time and
intensity differences of tonal stimuli, while the ampli-
tude-discrimination results exhibit much less variation
with respect to the interaural differences of the stimuli.
Finally, the phase lag of the synchronized response of
auditory~nerve fibers to low-frequency tones relative
to the stimulus phase does not appear to support a pe-
ripheral intensity-to-time conversion hypothesis. No
significant level-dependent phase shifts have been found’
in auditory-nerve fibers that are most sensitive to the
stimulus frequency for stimuli of moderate intensity
(Anderson ef al., 1969; Kiang ef al., 1977). The phase
shifts with level found in fibers tuned above and below
this frequency are of opposite polarity, so any averag-
ing of these two sets of fibers would tend to decrease
the overall phase effect of changes of stimulus intensity.
These phase measurements do not preclude the possi-
bility of a simple conversion of intensity to time delay
at a site more central than the auditory nerve, of course,
but they are inconsistent with the specific threshold-
based mechanism proposed by Hafter and Carrier (1972).
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B. The crosscorrelation model

The only model of lateral position besides our model
that can generate position predictions for tonal stimuli
with all possible combinations of interaural time and
intensity differences is the c¢rosscorrelation model of
Sayers and Cherry (1957). Interaural timing informa-
tion is obtained by computing the running erosscor-
relation function of the acoustical stimulus, added on
each side to a number that is proportional to stimulus
intensity. The erosscorrelation function is then
weighted so that only small internal delays influence the
results. Interaural intensity differences are introduced
by multiplicatively weighting the crosscorrelation func-
tion separately for positive and negative values of the
argument in proportion to the intensity of the stimuli in
the left and right ears. The resulting weighted, running
crosscorrelation function is then time averaged over
the duration of the stimulus. Position judgments are
made by integrating the time-averaged, weighted func-
tion separately over positive and negative values of the
argument of the crosscorrelation function, and taking
as an estimate of lateral position the ratio of the dif-
ference of these two integrals to their sum,

In both the crosscorrelation model and the position-
variable model, interaural timing information is given
by a modified crosscorrelation function, which is
weighted to give greater emphasis to functional values
at arguments of smaller magnitude. [In the position-
variable model this weighting occurs because of the dis-
tribution of fiber-pair delay times, as specified by the
function p(7) in Fig. 2(b).] The two models differ in the
way in which interaural intensity differences affect the
display of interaural timing information, and in the
algorithm for computing the position estimate from the
resulting function. As stated above, the two halves of
the “timing function” in the crosscorrelation model are
multiplied by different constants (for positive and nega-
tive values of the argument 7) with magnitudes that de-
pend on the interaural intensity difference of the stimu-
lus, while the timing function of the position model is
multiplied by a pulse-shaped weighting function whose
location along the T axis depends on the intensity dif-
ference. The position estimate of our model is obtained
by computing the centroid of the position function L 4(t),
while the erosscorrelation model’s measure of lateral-
ity is the difference divided by the sum of the areas of
the two halves of the intensity-weighted crosscorrela-
tion functions. The most important structural differ-
ences between the position model and the crosscorrela-
tion model, therefore, are in the assumptions specify-
ing transformations after the display of interaural tim-
ing information.

While Sayers and Cherry (1957) applied the cross-
correlation model only to experiments involving left—
right sidedness judgments, predictions for the lateral-
ization experiments of Sayers (1964) and Domnitz and
Colburn (1977) are easily obtained. We have found
(Stern, 1976, Chap. VI) that the position curves for
500-Hz tones predicted by the crosscorrelation model
exhibit cue-reversal points occurring at + 500-us in-
teraural time delay for all interaural intensity differ-
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ences, in contrast to the systematic variation of cue-
reversal points with intensity difference seen in the
data of Sayers (1964) as well as Domnitz and Colburn
(1977). The predictions of the position model, there-
fore, describe the data more accurately than those of
the crosscorrelation model, !

In an effort to assess the relative significance of some
of the similarities and differences of the crossecorrela-
tion and position-variable models, we have investigated
the predictions of a model that incorporates the inten-
sity-weighting and position-computing mechanisms pro-
posed by Sayers and Cherry (1957), but uses the timing
function Lz(7) of our model in place of the running
crosscorrelation function (Stern, 1976, Chap. VII).
Specifically, we multiplied each half of the position-
variable model’s timing function separately by constants
related to the interaural intensity difference of the stim-~
ulus, integrated the products, and computed the ratio
of their difference divided by their sum. We found that
these position predictions also differ from the data of
Sayers (1964) and Domnitz and Colburn (1977) in that
the locations of the predicted cue-reversal points vary
much less with intensity difference than the data. In
addition, the slope of the lateralization-matching curves
of this model for an equal-amplitude stimulus is great-
er at 0 s than at 1000 s, contrary to the data.

We conclude from these observations that the assump-
tions used to specify the intensity-weighting mechanism
and the position-calculating algorithm of the position-
variable model predict the lateralization-matching phe-
nomena more accurately than those of Sayers and Cher-
ry’s crosscorrelation model.

IV. DISCUSSION AND SUMMARY

In this paper we have presented a model that obtains
the random position variable B from simple operations
on auditory-nerve activity, and we have compared its
predictions to the results of various experimental stud-
ies. The model makes use of the description of audito-
ry-nerve response and the display of interaural timing
information presented in previous papers of this series
(Colburn, 1973, 1977a). The essential new features of
the position-variable model presented in this paper are
the assumptions concerning the.combination of inter-
aural time and intensity information and computation
of the position estimate from the resulting function.

We believe that a peripheral intensity-to-time conver-
sion (or time-intensity “trade”) does not describe

all available lateralization data, and have instead pro-
posed a more central intensity-dependent weighting of
the display of interaural timing information. The posi-
tion estimate produced by the model is monotonically
related to the center of mass of the resulting function.

The position-variable model describes the results of
subjective lateralization experiments by Domnitz and
Colburn (1977) and Sayers (1964) more accurately than
the crosscorrelation model of Sayers and Cherry (1957),
and over a wider range of stimulus parameters than the
deseription used in evaluating the lateralization model
(Hafter, 1971; Hafter and Carrier, 1972). All three
models produce similar position predictions for inter-
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aural time and intensity differences of small magnitude.
The position-variable model also predicts the major re-
sults of centering studies by Elpern and Naunton (1964)
and Young (1976) and the laterality-comparison results
of Molino (1974) and Yost et al. (1975) without further
assumptions.

The only parameters of the position-variable model
that are specifically fitted to subjective lateralization
data are the width W, of the intensity-weighting function,
the function M{«) describing its location along the in-
ternal-delay axis as the interaural intensity difference
of the stimulus is varied, and the range of character-
istic frequencies over which computations are obtained.
While we have assumed in the present paper that w;
is independent of interaural intensity difference, and
that A, (@) and W,are independent of the frequency of
the stimulus, the generality of these assumptions re-
mains to be determined for other simple stimuli, such
as tones of other frequencies, clicks, and broadband
noise. We do not expect the relatively simple intensity-
weighting function used in this paper to remain valid for
more complex binaural stimuli with separately lateral-
izable components.

A monotonic transformation is implicit in converting
the centroid of the position function [Eq. (2)] expressed
in us into the interaural intensity difference of a match-
ing pointer tone in decibels. As we have noted, this
transformation does not affect comparisons of the model
to the lateralization-matching data of Domnitz and Col-
burn (1977). This transformation also has no effect on
predictions of the position-variable model for interaural
discrimination and binaural detection experiments,

In future papers we plan to describe the prediections
of the model for interaural discrimination and binaural
detection experiments, assuming that performance is
dependent on changes in subjective lateral position of
the binaural image and limited by the variability of the
predicted position estimates.
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APPENDIX A: QUANTITATIVE DESCRIPTION OF
THE POSITION-VARIABLE MODEL

In this Appendix we briefly present the expressions
used to obtain the means and standard deviations for the
predicted position estimates for 500-Hz tones.

A. Timing function

The detailed assumptions used to describe auditory-
nerve activity are given in Colburn (1973). These as-
sumptions are intended to describe the informational
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content of a typical fiber, rather than the detailed be-
havior of a particular unit. It is also worth noting that
the specific constants in the auditory-nerve descriptions
are selected to describe physiological data, and should
therefore not be considered free parameters when ap-
plied to the psychoacoustical results discussed in the
present paper.

We assume that a particular fiber is synchronized to
a low-frequency stimulus tone if the tone is sufficiently
intense and the separation between the characteristic
frequency of the fiber and the frequency of the tone is
sufficiently small, as specified in Colburn (1973) and
modified in Colburn (1977b)."* Given a 500-Hz tone
stimulus A cos[27500(¢ — 7)], weassume the rate function
specifying the instantaneous probability of firing for
synchronized fibers to be

7 (t) =a exp{(20)'/? cos[2m500(t - T)]} , (A1)

where the parameter # is chosen to make the time-aver-
aged predicted firing rate for a synchronized fiber 200/
s. Fibers that are not synchronized to the stimulus are
referred to as firing spontaneously, and are assumed to
exhibit rate functions v,,(¢)=50/s.

Since we assume that the auditory-nerve fibers are
described by statistically independent Poisson pro-
cesses, and that the rate functions describing these pro-
cesses are of slow variation over the time interval (10
{.s) within which events from each fiber of a pair must
be observed to a record a coincidence, the expected
number of coincidences recorded by the mth fiber pair
is approximately given by

E[L,]=Ty fo "Syy (=T )7g, t)dt (A2)
where T, is the time interval for coincidence of the fiber
pair,!? T is the duration of the stimulus tone, and ¥, ()
and » R,,,(t) are the rate functions associated with the two
fibers of the pair.

For 500-Hz tones in the left and right ears described
by

s, (t)=(4/ a,) cos[27500( - T,)]
and
s p(t) = A cos(27500¢),

respectively, ™ if T'5 is an integral multiple of the 2-ms
stimulus period, and if both fibers of a pair are syn-
chronized to the stimulus, the expected number of coin-
cidences observed by that fiber pair is given by

EL (t)]=a?Ts Ty
XI,((40)1/2 {1 + cos[27500(T, + 7,,)[}"/2)
= ‘eZ(Tul)) (Aaa)

where 7, is the internal delay of the fiber pair and I,[x]
is the tabulated zeroth-order modified Bessel function
of the first kind. The identity

If G +x2)V2 =% jo.' [exp(x, cos8 +x,sing)]d8
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TABLE I. Typical values of n;, the
fraction of fiber pairs with character-
istic frequencies between 190 and 3350
Hz for which i fibers are synchronized
to a 500-Hz binaural tone, as a function
of |, the magnitude of interaural in-
tensity difference in dB at which the tone
is presented. The more intense signal
is assumed to be at 55 dB SPL, and con-
sequently 174 is equal to 0. 635 in all

cases.
lal N2 m
0 0. 365 0. 000
3 0. 336 0.029
9 0.277 0.088
12 0.243 0.122
15 0.212 0.152
20 0.163 0.202
25 0.120 0.245

was used to obtain Eq. (A3a). I only one fiber of the
pair is synchronized to the stimulus tone,

E{L,]=T¢ T,(200)(50)= £,, (A3b)

and if neither fiber of the pair is synchronized to the
stimulus,

E[L,]=Ts To(50)(50)= £,. (A3c)

The fraction of fibers that are synchronized toa given
500-Hz binaural tone depends on the intensities of the
signals to the two ears. Our values for these fractions
are computed using the assumptions for auditory-nerve
fiber thresholds and frequency characteristics stated in
Colburn (1973, 1977b), and assuming that the more in-
tense 500-Hz signal is presented at 55 dBSPL. Typical
values of 7, the fraction of fiber pairs between 190 and
3350 Hz with i fibers synchronized (£ =0, 1, or 2) are
given in Table I as a function of the magnitude of the
interaural intensity difference of the stimulus.

The expected value of the timing function representing
the total number of coincidences as a function of internal
delay is given by

E[Lr(T) = Np(T) [, £,5(T) + 1y £1+ 19 £5), (A4)

where N equals 12500, the total number of fiber pairs
with characteristic frequencies between 190 and 3350
Hz. p(r)is the probability density function specifying
the distribution of internal delays, which may be found
in Colburn [1977a, Eq. (3)] and is plotted in Fig. 2(b) of
this paper.

We assume that the random process describing the
number of coincidences observed by a fiber pair is also
Poisson. This approximation will be satisfied if the
time window over which coincidences are measured is
sufficiently small that the probability of an event on one
fiber in a pair coinciding with more than one event on
the other is negligible. Under these conditions,

Variance[Lp(T)]=E[L(7)].
B. Position calculations

The mean and variance of the position estimate are
obtained under the approximation
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A [ rLlp(r)dr  [Z.TLp(7)dT  [Z 7L (1)L (7)dT

P T dr -~ HI% Lp@ar] 1% L nEL{n)]dr’
(A5)
where the intensity function L {7) is given by
1 ~fr-Mm 2
L’(T) = (2‘”)”2 W’ exp ( [TZW’zl(as)] ) (AS)

with W, =1778 us and M {«,) shown in Fig. 5. The ap-
proximation is reasonably accurate because

Standard deviation [/-,. LP(T)dT] <<E[f’° LP(-r)d-r]

for all tonal stimuli considered. If this approximation
fails for other stimuli it can be incorporated into the
model as an assumption.

The means and variance of the position estimate are
easily obtained, using the expressions

2 tE[ L (T)]dT

BRI R, ar (A7)
and
e~ ™

The actual calculations were obtained by replacing the
integrals by finite sums, e.g.,

o i) B LpliT,)]
Blp1= YiewELLpiT;)] )

In general, the computations were obtained using a
value of 50 ps for 7,and 4000 us for M7, It was found
that further increases in M7, or decreases in 7; do not
affect interaural diserimination or binaural detection
predictions.

(49)

APPENDIX B: BASES WITHIN THE MODEL FOR
PREDICTED DEPENDENCIES

In this Appendix we briefly consider the bases within
the model for some of the features of the predicted
means and standard deviations of the position estimate
P seen in Figs. 3(b) and 5. These predictions com-
pletely specify the model’s performance for the sub-
jective lateralization experiments shown in Figs. 6-8,
as well as predicted performance in interaural discrim-
ination and binaural detection experiments when it is
assumed that P contains the only information available
to the decision maker (Stern, 1976).

To the extent that the mean predicted position esti-
mates shown in Fig. 3(b) may be approximated by sin-
usoidal functions of interaural time delay, they are
characterized by the location of the cue-reversal points
and the difference between maximum and minimum val-
ues of the curves for each intensity difference (corres-
ponding to the phase-amplitude specification of a sine
wave with fixed frequency). We discuss each of these
aspects of the predictions separately.

The phenomenon of cue reversals and the change in
location of the cue-reversal points as a function of in-
tensity difference are easily understood in terms of the
structure of the model. In estimating position, the
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relative number of coincidences as a function of time
delay L, (7), which resembles the crosscorrelation of
the presented binaural stimulus tone and is shown in
Fig. 2(a), is weighted by the product of two pulse-shaped
functions, the distribution of the internal delays of the
fiber pairs p(r), and the intensity function L,(7).

tone presented with zero intensity difference and asmall
interaural time delay will produce a position function
that consists largely of a single pulse, centered about
the interaural time delay of the stimulus. As the in-
teraural time delay is increased, the primary lobe of
the position function will move toward the right. As the
time delay continues to increase, a secondary lobe will
move in from the left and become increasingly more
prominent, as seen in the timing function of Fig. 2(c).
The cue-reversal point occurs approximately at the
time delay for which the difference between the areas
of the two position-function pulses (one growing on the
left and one shrinking on the right) changes more rapid-
ly than the rate at which both pulses are moving along
the 7 axis. The time delay at which the cue-reversal
point occurs depends on the location of the product of
p(7) and L,(7) along the 7 axis. As the interaural in-
tensity difference of the stimulus increases, L,(-r) moves
toward the right, causing the mode of the product of
p(7) and L,(7) to also move toward the right, which in
turn causes the cue-reversal point to occur at a more
positive value of 7.

The difference hetween the maximum and minimum
values of the predicted position curves for each inten-
sity difference decreases as the intensity to one ear is
decreased because the timing function includes a greater
fraction of fiber pairs with at least one fiber firing
spontaneously, as indicated in Sec. II.

The predicted standard deviation of the position esti-
mate increases with increasing time delay and intensity
difference of the stimulus, as seen in Fig. 5. This in-
crease accurs because computation of the centroid re-
quires a multiplication of the weighted coincidence-
counter output by the factor 7. This causes the con-
tribution of each fiber pair to be scaled by the factor 7
in the mean and 72 in the variance of the position esti-
mate, as specified in Eqs. (A7) and (A8). As the inter-
aural intensity difference increases in magnitude the
weighting function L (1) preemphasizes the fiber pairs
with large magnitudes of . The variance of the event-
time coincidences of these units is then scaled by the
relatively large 72, causing the standard deviation of
the position estimate to increase. Similarly, the in-
crease in standard deviation with increasing magnitude
of time delay is seen because the primary mode of the
position function occurs at larger values of internal de-
lay 7, and is multiplied by 7% in computing the variance.

IIn Fig. 1 we show separate monaural processors as mecha-
nisms for generating the intensity-based weighting function,
but the theoretical predictions presented in this paper do not
depend on the particular mechanism by which interaural in-
tensity information is obtained.

2The curves in Fig. 2 are continuous-function approximates,
since the coincidence counters of the model are finite in
number, with discrete delays.
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In general, the range of characteristic frequencies aver which
we obtain our predictions affects the percentage of auditory-
nerve fibers in the model that exhibit a synchronized response
to a binaural tonal stimulus. The particular range of 190~
3350 Hz for 500-Hz stimuli was chosen to be broad, so that
the dependence of predicted position on interaural time delay
would decrease as the magnitude of the interaural intensity
difference of the stimulus increases (as seen in Fig. 3). A
broader range of characteristic frequencies, however, would
have significantly degraded predicted performance in inter-
aural time-discrimination experiments (Stern, 1976). A
different range of characteristic frequencies would be used
to obtain predictions for stimuli at frequencies other than
500 Hz,

4We assume that the pulse-shaped intensity function L (1) is
Gaussian in shape. We have found that the particular shape
assumed for Lj(r) does not greatly affect the predictions of
the model, although the exact choice of My(ag) and Wy needed
to fit the data in Fig. 3 depends on the specific shape se-
lected.

5We refer to combinations of interaural time and intensity
differences in which the more intense signal is leading in
time as “reinforcing” because if the magnitude of the inter-
aural time delay is less than about 300 us (for 500-Hz tones),
each interaural difference presented by itself would tend to
move the perceptual image toward the same side of the head.
Similarly, a “canceling” combination of the interaural param~
eters is one in which the more intense signal is lagging in
time,

‘We describe in this footnote our procedure for fitting My and

Wy. In general, we arbitrarily selected a value of w,, and
chose M () such that combinations of interaural time and
intensity that produced the same matching pointer intensity
difference in the Domnitz and Colburn (1977) data were pre-
dicted by the model to exhibit the same mean position, and
then repeated this procedure for several values of W;. For
example, we selected M(3) by finding (in the data) the time
delay 7 such that tones with interaural time and intensity
differences (0, 3) and (7, 0) were matched by pointer tones of
equal intensity difference, where (r, @) denotes a stimulus
interaural time delay of 7 and interaural intensity difference
of . M;(3) was then chosen so that P(0, 3y=P(r4,0). [(Plry, 0)
was already known because M (0) =0, by symmetry consid-
erations.] For other values of &, M(a,) was similarly ob-
tained by finding the time delay of the equal-amplitude tone
that empirically matched the position of a pointer tone with
intensity difference «,, and choosing My{a,) so that the mod-
el predicted identical expected values of P for these two tones.
Ma) could be obtained in this fashion for values of « less
than or equal to 9 dB in magnitude. For intensity differences
of greater magnitude we chose M{&) such that combinations
of interaural time and intensity differences (0, @) that caused
lateral position matches identical to tones with the interaural
parameters (74, 9) gave rise to equal position estimates.
This procedure was repeated for several values of W;, and
we selected the one that most closely described the overall
dependence on interaural intensity difference of the predicted
time delays for which the derivative of P with respect to
time delay changes sign (the “cue reversal points”). This
method of fitting M) made no specific assumptions about
the nature of the monotonic relationship between P and the
interaural intensity difference of the pointer tone in the
matching experiment, but proved to be quite tedious to use,
Furthermore, it was quickly noted that this method predicted
position estimates that exhibited the relationship P(0, @) ~ka
for all ¢ of interest, In later revisions of the model we
chose values of the function M such that P(o, @) =ku for all
«, in the interest of expediency.

UThe individual lateralization judgments of Domnitz and Col-
burn’s (1977) subjects for 1000 us time delay and 0-dB inten-
sity difference were clustered near the midline, while those
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of Sayers’ (1964) subjects tended to exhibit a trimodal dis-
tribution. One possible reason for this discrepaney is that
Domnitz and Colburn’s subjects were instructed to average
their judgments over successive presentations, while Sayers’
subjects made their judgments on the basis of single stimulus
presentation. The individual-trial results of these two stud-
ies may also differ because the stimuli presented in the
Domnitz and Colburn experiment were monitored by miero-
phones within the headphone cavity in order to detect and
electrically compensate for run-to-run acoustic imbalances
caused by variability in the fit of the headphone to the head,
as described by Domnitz (1975). This procedure is especial-
ly important in comparing the results of these two studies be-
cause subjective lateral position is far more dependent on the
precise interaural differences of a stimulus presented with
time delay at or near 1000 u#s than for delays near 0 ps.
The use of the lateralization results of Domnitz and Colburn,
including the eue-reversal phenomenon, is also attractive be-
cause the results provide a natural explanation for the rever-
sal in direction of the lateralization cue described by subjects
in interaural time-discrimination experiments (Domnitz, 1973;
Domnitz and Colburn, 1977) when the stimuli are presented at
time delays near 1000 us. We plan to compare the predictions
of our model to these data (Stern, 1976) in a later publication.
8The second crossing of the 3-dB curve at — 860 gs results
from the reversal of lateralization observed at time delays
near +1000 pus and does not imply a second time-intensity
trading ratio of 287 us/dB. We consider the trading-ratio
parameter to be meaningful primarily for the small interan-
ral time and intensity differences for which the position
curves of Fig. 3 may be approximated by parallel straight
lines.

%The quantitative difference between the z=0 intercepts of the
data and predictions in Fig. 7 are the results of intersubject
differences in time-intensity trading ratios, and do not in-
dicate a deficiency of the model. For example, the 200-us
data and predictions imply an average trading ratio of about
33 us/dB for the subjects used by Yost et al. (1975). Our
predictions describe the behavior of Domnitz and Colburn’s
(1977) subjects who, on the average, exhibit a trading ratio
of less than 25 ps/dB.

b 1) discussing their diserimination results Yost et al. (1975)
imply that, as the interaural time delay of a 500-Hz tone is
increased from 0 to 1000 us, the image of that tone will move
steadily from the center of the head to one side. Unfortu-
nately, this assertion is not tested by their own disecrimina-
tion experiments because the time delays selected were all
smaller in magnitude than that of the cue-reversal point for
0-dB tones. We feel that if this experiment were performed
under carefully monitored conditions using time delays be-
tween 600 and 1000 s the intensity difference giving rise to
chance lateralization judgments would decrease with in-
creasing time delay, consistent with the perceptural re-
versals in time and experiments described by Domnitz (1973)
and Domnitz and Colburn {1977), and the trial-by-trial data
from Domnitz and Colburn’s lateralization-matching experi-
ments,

Uyoelcker (1961), using a different set of a priori considera-
tions and a decision-theory approach, constructed a model
that generates lateralization estimates that are also the sum
of a term based on interaural intensity difference and a term
representing the weighted erosascorrelation of the stimulus,
which is the form of the lateralization predictions of the
Sayers and Cherry model. Therefore, the predictions of
this model differ from the data of Sayers (1964) and Domnitz
and Colburn (1977) in the same ways.

121t was assumed in Colburn {1973) on the basis of reports in
Kiang (1968) that the thresholds of each fiber are spaced
uniformly over a range of 20 dB with the graph of minimum
thresholds as a function of frequency similar to a threshold-
of-hearing curve. The average rating of firing and the syn-
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chrony of the firings were described as continuous functions
of intensity and showed increases over a range of about 20 dB.
In Colburn (1977a, 1977b) and the present paper, we have
simplified the description of the average rate and synchrony
as functions of intensity to be either the unstimulated values
(50/s and 0, respectively) or the maximum values (200/s

and (20)1/2 for 500-Hz tones) with the transition occurring

at a level related to the threshold of each fiber. Since the
transition is now abrupt, we assume that the individual fiber
thresholds range over 40 dB at each characteristic frequency
instead of 20 dB as before. In both cases the fotal average
rate of firing from all fibers with a given characteristic fre-
quency increases with intensity over a range of 40 dB. All
intensity variations in the simplified model are now eontained
in the number of “stimulated” fibers. It is argued in Col-
burn (1977b) that these simplifications do not alter the rate
and synchrony predictions for ensembles of fibers.

3The parameter Ty is equal to the expression [ e fl¥)dx in
Colburn (1977b).

U0ur notation for the interaural time and intensity differences
of the stimulus tone is based on that adopted by Domnitz and
Colburn (1977), but differs slightly from the notational con-
ventions used in previous papers of this series. Specifically,
our variables T, and @, correspond to the variables T and
A in Domnitz and Colburn (1977) and to — 7, —7,, or — ¢,/27f,
and « in Colburn (1977a, 1977b) and Colburn and Latimer
(1978).
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