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Abstract

Measurement of localization performance will reflect errors that relate to the sensory processing of the cues to sound location and
the errors associated with the method by which the subject indicates the perceived location. This study has measured the ability of
human subjects to localize a short noise burst presented in the free field with the subject indicating the perceived location by pointing
their nose towards the source. Subjects were first trained using a closed loop training paradigm which involved instantaneous
feedback as to the accuracy of head pointing which resulted in the reduction of residual localization errors and a rapid acquisition of
the task by the subjects. Once trained, 19 subjects localized between 4 and 6 blocks of 76 target locations. The data were pooled and
the distribution of errors associated with each target location was examined using spherical methods. Errors in the localization
estimates for about one third of the locations were rotationally symmetrical about their mean but the remaining locations were best
described by an elliptical distribution (Kent distributed). For about one half of the latter locations the orientations of the directions
of the greatest variance of the distributions were not aligned with the azimuth and elevation coordinates used for describing the
spatial location of the targets. The accuracy (systematic errors) and the distribution of the errors (variance) in localization for our
population of subjects were also examined for each test location. The size of the data set and the methods of analysis provide very
reliable measures of important baseline parameters of human auditory localization.
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measurement and errors associated with sensory com-
ponent of the task. In this study we were interested in
(i) examining methods which minimize as much as pos-

1. Introduction

Sound source localization by binaurally hearing in-

dividuals has been shown to be dependent on a number
of stimulus related factors (e.g. Middlebrooks, 1992;
Butler, 1986; Butler and Humanski, 1992; Butler and
Belendiuk, 1977) including the acoustic conditions
under which we measure performance (e.g. Hartmann,
1983; see Carlile, 1996a for recent review). Measure-
ment of localization performance involves an estimate
of the errors associated with this process and will reflect
a combination of errors dependent on the method of
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sible the errors associated with measuring localization
performance and (ii) examining the nature of the distri-
butions of the errors associated with localization per-
formance. An overall objective of this research program
is to combine this latter information with what is
known about the spatial variation in the cues to sound
location. In this way we hope to make inferences about
the process(es) involved in sound localization, the utility

. of different cues to a sounds location and the resolution

of their encoding by the auditory system.
There have been a number of recent developments in
automated techniques for presenting stimuli as well as
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Fig. 1. Subject demonstrating the sound localization task in the anechoic chamber. The chamber is 4 m a side with a clear working area of 2.5
m®. The double hoop robot arm supporting the sound source can be seen hanging from the ceiling of the chamber. The receiver for the Polhe-
mus head tracker is mounted on a modified support from a welding helmet. The transmitter can be seen placed behind the subject on a wood-
en post. The subject indicates the completion of localization or training task by pressing the subject response button seen in this subject’s left

hand.

determining how the subject indicates the perceived lo-
cation (e.g. Makous and Middlebrooks, 1990; Gilkey et
al., 1995; see Carlile, 1996b for review). Recent data
suggest that aspects of these methodologies may also
affect the resulting measured localization performance.
For instance, in many previous studies of sound local-
ization, the most practical way of varying the sound
location has been to switch the stimulus between a
number of fixed speakers. Under these conditions the
most straightforward means of indicating the perceived
locations was for the subject to identify the speaker
perceived to be generating the sound (e.g. Butler et
al., 1990; Hammershoi and Sandvad, 1994). However,
when subjects are aware of the potential target loca-
tions, then restricting the number or location of targets
will constrain the subjects responses to these categories
(Perrett and Noble, 1995). This has the undesirable ef-
fect of forcing subjects to indicate a possible target
location that does not actually correspond to the per-
ceived location and will also result in quantization of
the estimates of the accuracy of spatial localization.
Restricting the targets to a limited region of space
may also provide cues to resolve perceptual ambiguities
such as those involved in front-back confusions. In ad-
dition, the particular arrangement of potential targets
has also been found to bias judgements for some spatial
locations (Butler and Humanski, 1992; Perrett and No-
ble, 1995; for recent discussion and review of these
issues see Carlile, 1996¢).

An alternative procedure is to use an unseen and
movable sound source together with a method of point-
ing to indicate the perceived location (Makous and
Middlebrooks, 1990; Oldfield and Parker, 1984a,b,
1986; Gilkey et al., 1995). As both of these methods

are spatially continuous rather than quantized they pro-
vide more sensitive measures of localization accuracy
and avoid the methodological pitfalls of ‘category’ lo-
calization discussed above. Recent advances in auto-
mating the stimulus positioning systems and the meth-
ods used in tracking subject pointing has also increased
the popularity of these methods. The availability of
relatively inexpensive electromagnetic 3D tracking devi-
ces that can be mounted on the top of a subject’s head
has made possible the use of ‘head pointing’ as a way of
indicating the perceived location. In these experiments
the subject is instructed to point his or her nose towards
the target location (e.g. Makous and Middlebrooks,
1990). One previous group of studies used ‘gun’ point-
ing but the optical methods used in assessing pointing
location were not automated (Oldfield and Parker,
1984a,b, 1986).

Turning to face towards the source of a sound is a
highly ecological behavior. The functional consequence
is to bring the source of the sound into the visual field.
A possible source of error associated with such a tech-
nique is that the eyes are also free to move in the head.
For sound locations that require pointing up to the
mechanical extremes of movement of the head (e.g. ex-
tremes of elevation) or for locations that are close to
the resting location of the head, there is a strong ten-
dency for subjects to also use movements of the eyes to
‘capture’ the location of the auditory target. As the
sensor is mounted on the top of the subject’s head
and monitors head position and not eye position, this
would result in systematic errors in estimating the per-
ceived location of the target. In a previous study using
head pointing, training was provided for subjects in the
form of localization of a visible sound source (Makous
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Fig. 2. The transfer function of the VIFA tweeter used as the sound
source. Note that for frequencies below 3 kHz, the speaker rolls off
at about 6-7 dB per octave. For frequencies below 700 Hz there is
a rapid fall off in transmission. The higher frequency roll off is also
quite steep but transmission remains high for frequencies up to
about 15 kHz.

and Middlebrooks, 1990). This approach would provide
subjects some opportunity to correct for eye pointing,
however, in the absence of feedback to the subject re-
garding the absolute accuracy of their pointing, the
systematic errors described above may still persist.

In this first part of this paper we describe a method
of training subjects using closed loop training coupled
with immediate sensory and cognitive feedback as to
the absolute accuracy of head pointing. We show that
this results in more accurate pointing compared to oth-
er closed loop training paradigms. Using subjects
trained in this way we have examined free field local-
ization accuracy for 76 locations around the subject.
We have also examined the distribution of localization
errors using a number of spherical statistical methods.
We report here that the errors are not arranged sym-
metrically about the mean and, for some spatial loca-
tions, the axes of distribution do not follow the azimuth
and elevation coordinate axes usually used in describing
the locations of auditory targets in space. The distribu-
tion of errors is discussed in terms of recent models of
localization processing which integrate binaural infor-
mation with monaural spectral cues to the location of a
sound source.

2. Methods

2.1. Testing environment

All localization testing was carried out in a sound
attenuated chamber, anechoic down to 150 Hz (better
than 99% absorption measured at greater than 0.3 m
from the wall). The triple walled chamber provides an
insertion loss of better than 40 dB for frequencies great-
er than 250 Hz. The clear working area within the
chamber was 2.5X2.5X2.5 m. Subjects were placed
on a platform at the center of the chamber such that
their head was centered in the middle of this clear

working area (see Fig. 1). A two-way intercom system
provided communication between the subject inside the
chamber and the experimenter outside.

The location of the sound stimulus was varied using
a computer controlled positioning system based on a
suspended double hoop design (Fig. 1). A loudspeaker
mounted on the inner hoop could be placed at almost
any location on an imaginary sphere one metre radius
from the center of the subject’s head. Because of me-
chanical restrictions, the stimulus could not be placed
directly below the subject. A small light emitting diode
was also fitted at the center of the speaker to provide
visual information as to the location of the sound
source. The stimulus positioning system was driven by
high resolution, high torque stepper motors to control
the azimuth and elevation locations of the stimulus.
Location could be varied at rates of up to 90°/s with
azimuth acceleration/deceleration of 36°/s> and eleva-
tion accelerations/deceleration of 33°/s>. This allowed
rapid stimulus placement over a wide range of locations
about the subject. The dimensions of all of the mechan-
ical hardware within the chamber were kept to a mini-
mum to ensure that the anechoic environment was not
disturbed over the frequency range of interest.

2.2. Stimulus generation

Software for stimulus generation and data collection
exploited the Tucker Davis Technology (TDT) system
II hardware and software platform. Broadband white
noise stimuli were generated using D/A conversion at
80 kHz and delivered to a power amplifier (Quad 306)
via a programmable attenuator (TDT: PA4). The noise
stimuli were regenerated for each stimulus presentation
rather than using a single ‘frozen’ noise stimulus. The
loudspeaker (VIFA-D26TG-35) mounted on the hoop
positioning system had a frequency response of 1 kHz
to 16 kHz (+ 5 dB: see Fig. 2). Broadband stimuli were
presented at 70 dB SPL measured at the center of the
stimulus positioning system (microphone B&K 4165;
pressure level meter B&K 2203).

Condition Open Loop Closed loop Closed loop
audio visual Audio
Stimulus {Noise burst] [ LEDon || Repetitive Noise |
Subject Centre Point Adjust Adjust
£ w
Time g
Objective

Error in absolute  Estimate of  Training using either sensory
localization eye pointing or ‘cognitive’ feed back
error paradigms

Fig. 3. Time line showing the sequence of stimuli and subject re-
sponses in one training cycle. ‘R’ indicates when the subject de-

presses the response button to indicate the completion of the pre-
ceding portion of the training task.
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Fig. 4. The effects of training on the localization performance for
(A) open-loop localization of a single burst of broadband noise, (B)
orientation of the head towards a light source and (C) orientation
towards a repetitive broadband noise burst. Localization perform-
ance has been summarized using the spherical correlation coefficient
of the indicated location and the actual location of the target. In all
plots the open circles indicate those subjects who have undergone
training with the ‘sensory’ closed loop paradigm (CLS) up to the
fifth training block after which they were transferred to the ‘cogni-
tive’ closed loop training paradigm (CLC: see text for details). The
broken line indicates the mean of this group. The filled circles indi-
cate those subjects who have undergone a ‘cognitive’ closed loop
training paradigm for the whole nine training blocks.

2.3. Measurement of perceived sound location

Head pointing was used as the method by which
subjects indicated the perceived location of the sound
source. Two advantages of this approach are (i) head
pointing per se is a highly ecological behavioral re-
sponse to a sound and (ii) tracking the position of the
head in space is relatively straightforward. A Polhemus
Isotrack tracking device was used to measure head po-
sition. The receiver was attached to the top of the sub-
ject’s head using the plastic frame modified from a
welding mask. The transmitter was located behind the
subject on a wooden support (see Fig. 1) and the posi-
tion of the head was continuously tracked (TDT Iso-
trak interface, HTI 1). Feedback to the subject as to her
head orientation with respect to the stimulus coordinate
system could also be provided via a series of colored
light emitting diodes placed in front of the subject.
When the subject was properly positioned at the cali-

brated start position (azimuth 0°, elevation 0°, see be-
low) a central green light on the LED array was illumi-
nated. Deviations of the head by more than 1.5° in
azimuth, elevation or roll from the calibrated zero po-
sition was indicated by illumination of one or more of
six other red LEDs arranged around the central green
LED and indicated up-down, right-left or clockwise-
anticlockwise roll errors respectively. The subject indi-
cated the completion of a particular task (e.g. position-
ing the head) by pressing a hand held response button.

At the beginning of each trial the subject was posi-
tioned in the center of the support platform so that her
head was at the center of the hoop-stimulus system. To
assist the subject, head position feedback was provided
via the light-emitting diode array. To provide an initial
alignment for the head and head tracking system at the
beginning of each measurement session the subject
stood in the center of the support platform and pointed
her face towards the visible target at the start position
(located at 0° azimuth, 0° elevation). The subject was
thus aligned with the hoop-stimulus coordinate system
using a perceptual task. The head tracker was then
placed on the subjects head and aligned with the
hoop-stimulus system with the aid of the light-emitting
diode array. Once in the start position the subject ini-
tiated the trial by depressing the start button. The abil-
ity of subjects to reliably place themselves at the start
location between blocks of trials was determined for
four subjects by fitting the head tracker as described
above. The subject was then requested to place her
head at the start location a number of times but with-
out the aid of the LED array. The output of the head
tracker was noted for each repeat. These data showed
that subjects can reliably place their head in the start
position with an error of less than 2-3°.

2.4. Task training

A problem with the head pointing method is that
subjects also tend to move their eyes to visually ‘cap-
ture’ the location of a target. As a consequence we have
established a training protocol to eliminate, as much as
possible, this eye pointing error. During training each
subject accomplished a series of tasks for a large num-
ber of stimulus locations (Fig. 3). After centering the
head, a 150 ms burst of noise was presented and the
subject was required to point her face towards the per-
ceived location of the noise burst. All stimuli were pre-
sented in complete darkness. This was referred to as the
open-loop estimate of location. Once the subject had
orientated her head appropriately and depressed the
response button, a small light-emitting diode on the
speaker was activated. The subject was allowed to read-
just her head to correct for any perceived error in head
pointing. This was referred to as the closed-loop visual
condition and allowed the subject to adjust for gross
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Fig. 5. Two examples of the distribution of errors in the pooled location estimates for two spatial locations: Az 10°/El 0° (small open circles)
and Az 0°/El —20° (small crosses). The large filled circle at the center of the figure indicates the direction directly ahead of the subject (Az 0°/
El 0°). The large ‘X’ indicates the actual location of the target. The centroids of both clusters of data are indicated by the filled circles and the
standard deviation about the centroid is indicated by the ellipses. The broken lined ellipse indicates a Fisher (symmetrical) distribution of the
data while the solid line indicates a Kent (elliptical) distribution of the data.

errors in head pointing and provided an estimate of the
eye pointing error for that location. This was followed
by a close-loop audio component where the sound stim-
ulus was presented repetitively allowing the subject to
adjust for any further head pointing error. Once satis-
fied that she was pointing towards the target, the sub-
ject depressed the response button for the third time
and a new trial was initiated.

Each training block was composed of 36 locations
drawn from a total of 324 different positions. Ten sub-
jects were trained on a total of nine blocks and a fur-
ther nine subjects were trained on four or five blocks
(see below). The target locations were chosen to be
roughly equally distributed on the surface of the sphere
and were intended to provide training for a large num-
ber of positions between —50° and 40° elevation. All
psychophysical procedures used in this study were ap-
proved by the Human Ethics Committee at the Univer-
sity of Sydney, Australia.

2.5. ‘Sensory’ and ‘cognitive’ closed loop training

Two different closed-loop audio-visual conditions

have been tested in this study. The first was the closed-
loop sensory (CLS) condition where the repetition rate
of the closed loop stimulus was kept constant at 1 Hz
(Fig. 3). Four subjects were initially trained using this
condition and their performance was compared with
the results from six other subjects who underwent a
closed-loop cognitive (CLC) condition. In the CLC
condition the repetition rate of the stimulus was de-
pendent upon the absolute pointing accuracy of the
subject (minimum about 0.5 Hz, maximum 5.5 Hz).
In this case, the position of the head was monitored
continuously and the repetition rate of the stimulus
varied according to the absolute accuracy of head
pointing. The presentation rate was at its highest
when the subject was pointing directly at the sound
source. Both groups of subjects trained on nine blocks
of 36 trials. On the sixth training block the subjects
assigned to the CLS group were switched to the CLC
method. Those in the CLC group did not switch, but
remained with the same training method during the
whole course of the training.
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Fig. 6. The centroids and the standard deviations of the localization estimates of 76 target locations are plotted for (A) one subject on spherical
plots for the right and left hemispheres and (B) pooled from 19 subjects and plotted for the front, back, left and right hemispheres. All other

details as for Fig. 5.

2.6. Open loop testing conditions

In the second part of this study the localization ac-
curacy of 19 subjects was examined using the head
pointing technique. Ten of the subjects had participated
in the first part of the study described above. An addi-
tional nine subjects were given four or five blocks of
training in head pointing using the CLC condition so
that their performance as measured using the spherical
correlation coefficient had reached an asymptote (see
below). The stimulus in all localization tests was re-
stricted to a single 150 ms broad-band noise presenta-
tion with a rise and fall time of 5 ms. The 150 ms
duration was chosen to ensure that the subjects were
not able to move their heads during stimulus presenta-

tion and thereby re-sample the sound field. Subjects
positioned themselves at the start position with the
aid of the LED array and initiated a trial by pressing
the response button. Following the stimulus presenta-
tion the subject was required to point her face towards
the location of the target and depress the response but-
ton. All localization testing and training was carried out
in complete darkness so the subject had no visual cues
as to the location of the target during this open-loop
location estimate. As the stimulus positioning system
made some noise during stimulus repositioning (typi-
cally <40 dB SPL A-weighted), a two step reposition-
ing was employed where the first position of each pair
was drawn randomly from the list of test locations. The
experiments were carried out in complete darkness so






