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Abstract

Physiological studies of spatial hearing show that the spatial receptive fields of cortical neurons typically are narrow at near-
threshold levels, broadening at moderate levels. The apparent loss of neuronal spatial selectivity at increasing sound levels conflicts
with the accurate performance of human subjects localizing at moderate sound levels. In the present study, human sound localiza-
tion was evaluated across a wide range of sensation levels, extending down to the detection threshold. Listeners reported whether
they heard each target sound and, if the target was audible, turned their heads to face the apparent source direction. Head orien-
tation was tracked electromagnetically. At near-threshold levels, the lateral (left/right) components of responses were highly variable
and slightly biased towards the midline, and front vertical components consistently exhibited a strong bias towards the horizontal
plane. Stimulus levels were specified relative to the detection threshold for a front-positioned source, so low-level rear targets often
were inaudible. As the sound level increased, first lateral and then vertical localization neared asymptotic levels. The improvement of
localization over a range of increasing levels, in which neural spatial receptive fields presumably are broadening, indicates that sound

localization does not depend on narrow spatial receptive fields of cortical neurons.
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1. Introduction

Human listeners rely on multiple acoustical cues to
determine the location of a sound source (see Middle-
brooks and Green, 1991 for a review). The differential
path from a sound source to the two ears results in inter-
aural differences in arrival time (interaural time differ-
ence; ITD), and sound level (interaural level difference;
ILD). The auditory system mainly uses these two cues
to determine the lateral (left/right) location of a sound.

Abbreviations: 1TD, Interaural time difference; ILD, Interaural le-
vel difference; DTF, Directional transfer function; HRTF, Head-rela-
ted transfer function; MAF, Minimum audible field; SPL, Sound
pressure level; SL, Sensation level; MAA, Minimum audible angle
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Location in the polar (up/down and front/back) dimen-
sion is determined by the location-specific spectral filter-
ing caused by a sound’s interaction with the head and
outer ears.

Whereas the acoustical cues used in sound localiza-
tion are well known, the representation of sound loca-
tion in the central nervous system is still debated. One
hypothesis that has motivated several physiological
studies is that locations in auditory space are repre-
sented by spatially tuned neurons, each neuron repre-
senting a particular location (e.g. Middlebrooks and
Pettigrew, 1981; Imig et al., 1990; Rajan et al., 1990;
Brugge et al., 1996; Reale et al., 2002). In the cat, neu-
rons in the auditory cortex show fairly restricted spatial
tuning at low sound levels. For example, one such unit
(Fig. 1) exhibited spatial tuning to —60° azimuth at a
sound level 20 dB above the neuron’s threshold. How-
ever, as sound level increases, that tuning broadens.
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Fig. 1. Spatial tuning of a single neuron in the cat primary auditory
cortex (area Al). The symbol types indicate sound level relative to the
neuron’s threshold. As sound level increases, the neuron’s spatial
tuning broadens (unpublished data from Stecker et al., 2003).

Any model relying on neurons with restricted spatial
receptive fields would predict that sound localization
will be most accurate at near-threshold sound levels
and should degrade with increasing level. Contrary to
this (counter-intuitive) prediction, sound localization
accuracy generally seems to improve with increasing
sound level.

There have been relatively few psychophysical studies
focusing on the level dependence of sound localization.
Altshuler and Comalli (1975) and Comalli and Altshuler
(1976) tested the effect of stimulus level on lateral local-
ization in the horizontal plane. The left-right position of
a narrow-band noise source was manipulated, and
blindfolded subjects were instructed to classify the
sound’s location as being centered on, or to the left or
right of the vertical midline. The range of locations
incorrectly classified as “centered” increased as sound
level decreased. This observation suggests that lateral
localization accuracy declines with decreasing sound le-
vel. There also have been several studies that suggest
that localization in the vertical (polar) dimension wors-
ens with decreasing sound level. Both Davis and Ste-
phens (1974) and Hebrank and Wright (1975) studied
polar localization by playing broadband noise bursts
through one of nine loudspeakers located on the front
portion of the vertical midline. The listener’s task was
to identify the loudspeaker from which the sound had
originated. Both studies found that listeners reported
an incorrect loudspeaker more often at lower sound lev-
els. Inoue (2001) conducted a similar identification task

in which broadband noise was played though a loud-
speaker located on either the horizontal plane or the
upper half of the vertical median plane. Subjects re-
ported incorrect loudspeakers more often in both
dimensions at lower sound levels. Vliegen and van Op-
stal (2004) used a head-pointing task to study the influ-
ence of sound level and duration on localization. At
lower levels, vertical localization judgments decreased
in accuracy with decreasing sound level down to the
lowest tested level (26 dB SPL).

Su and colleagues tested the effect of level on thresh-
old for detecting a change in location both in monkeys
(Su et al., 2000) and in humans (Su and Recanzone,
2001). Their procedure yielded a form of minimum audi-
ble angle (MAA), which is the just noticeable difference
in sound source location. In these experiments, MAA
was calculated for each subject at a variety of levels
independently in the lateral and vertical dimensions.
This method allowed for a direct comparison of lateral-
and vertical-angle performance in the same listener.
MAA broadened in both lateral and vertical dimensions
as sound level decreased, although that broadening oc-
curred at a higher level in the vertical dimension. This
observation suggests that vertical localization is more
vulnerable to low sound levels than is lateral localiza-
tion. The greater degradation of vertical localization at
low levels can also be seen in the data presented by In-
oue (2001). Su and Recanzone (2001) proposed that
the spectral cues necessary for vertical localization were
inaudible for sound levels at which the binaural cues
necessary for lateral localization were audible, thus cre-
ating the lateral/vertical discrepancy.

For certain stimuli, increases in sound level have a
negative effect on localization performance. Several
studies have shown that vertical sound localization
accuracy decreases at high sound levels for very brief
stimuli such as 3-ms noise bursts or clicks (Hartmann
and Rakerd, 1993; Hofmann and van Opstal, 1998;
Macpherson and Middlebrooks, 2000; Vliegen and van
Opstal, 2004). That “negative effect of level” has been
attributed variously to insufficient temporal integration
(Vliegen and van Opstal, 2004) or cochlear distortion
(Macpherson and Middlebrooks, 2000). Since the pre-
sent study used longer duration (250 ms) stimuli, no neg-
ative effect of sound level was expected.

All of the previously mentioned studies suggest that
sound localization is degraded at low levels. Aside from
Vliegen and van Opstal (2004), however, they cannot be
regarded as tests of localization per se but rather of dis-
crimination. MAA studies merely tested the detectability
of any change in the perceived sound, which may or may
not reflect a change in the perceived location. The loud-
speaker identification tasks limited the number of re-
sponse choices, and it has been shown that doing so
can bias the listener’s response (Perrett and Noble,
1995).
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Most of the studies that have looked at the effects of
sound level on localization tested a relatively small range
of sound levels, and only one (Inoue, 2001) tested near
detection threshold. By limiting the stimuli to a rela-
tively small range of sound levels, the investigators
may have analyzed data that did not fully reveal the level-
localization relationship. In addition, the previously
mentioned studies tested lateral and vertical dimensions
independently with stimuli that originated on either the
horizontal plane or the vertical midline. In the present
study we attempted to overcome these limitations by
using a free response localization task with target loca-
tions distributed throughout the full range of auditory
space, and by employing a wide range of sound levels
extending down to the detection threshold.

2. Materials and methods
2.1. Participants

Six (one male and five female) University of Michigan
students aged 19-23 years were paid for their participa-
tion. All listeners had hearing thresholds within 10 dB of
audiometric normal for pure tones at octaves from 0.25
to 8 kHz. None of the subjects had previous experience
in psychoacoustic experiments. Prior to data collection,
listeners were required to participate in three 90-min
training sessions in which they learned the task and
demonstrated localization proficiency for all regions of
auditory space at supra-threshold intensities. All proce-
dures used in this study were approved by the University
of Michigan’s Institutional Review Board for Human
Research (IRBMED).

2.2. Stimuli

All sounds presented in this experiment were 250-ms,
broadband (0.5-16 kHz), flat-spectrum, random-phase
noise bursts with 20-ms raised cosine onset and offset
ramps. The stimuli were synthesized at a sampling rate
of 50 kHz, output through a digital-to-analog converter
(Tucker-Davis Technologies [TDT] DDI1), attenuated
(TDT PA4), and amplified (Adcom GFA-5351II). That
signal was then routed to one of two outputs through
a power multiplexer (TDT PM1) and transduced by
one of two loudspeakers (Infinity 32.3 CF). All stimuli
were filtered by the inverse of the loudspeaker’s transfer
function, which removed the spectral characteristics
of the loudspeaker from the acoustic stimulus (see
Macpherson and Middlebrooks (2000) for details). The
loudspeakers resided on either side of a 1.2-m radius
hoop that was covered in sound-absorbing foam. That
hoop was attached to computer-controlled stepping
motors which could manipulate both horizontal and
vertical position. The motors were covered with

sound-absorbing foam to eliminate reflections. Motor
noise was audible while the hoop was moving, however
it gave the listener no cue as to the hoop’s orientation
because the sound always came from the same overhead
location and because the trials were ordered so that
the hoop moved for approximately the same duration
between all trials.

2.3. Detection thresholds

Detection thresholds were measured at eight evenly
spaced locations around the horizontal plane. First, the
listener indicated when a sound, which began at
0 dB SPL and increased by 5 dB with each presentation,
became audible. Following this, the listener began a
three-down, one-up two-interval forced choice proce-
dure (Levitt, 1971) starting at the indicated level and con-
tinuing until six reversals had occurred. For the first two
reversals, the step size was 5 dB and for the subsequent
four, the step size was 3 dB. The levels at which the last
four reversals occurred were averaged. This process was
repeated five times at each location. The highest and low-
est thresholds were discarded, and the mean of the
remaining three was computed. The resulting intensity
was called the detection threshold. All sensation levels
are expressed relative to the detection threshold for a
source positioned straight in front of the listener.

2.4. Localization task

Each block of trials in the localization task contained
either low- (0, 5, 10, 15, or 20 dB SL) or high- (20, 30,
40, 50, or 60 dB SL) level stimuli. The repetition at
20 dB SL allowed for a comparison of performance with
the same stimulus between the two conditions. Stimuli
were presented from 200 locations distributed roughly
evenly on the surface of an imaginary sphere centered
on the listener’s head (radius = 1.2 m). Spatial location
was quantified using the horizontal polar coordinate
system (Fig. 2). The locations were approximately
10-14° apart. Each level-location combination was
tested once for a total of 2000 trials. The low-level stim-
uli were divided randomly into 13 blocks of 70 trials and
one block of 90 trials. The same was done to the high-
level stimuli for a total of 28 blocks. The listener gener-
ally alternated between low- and high-intensity trial
blocks in one session.

All testing was conducted in a darkened anechoic
chamber (2.6 X 3.7 x 3.2 m). The listener stood on a plat-
form that was adjusted in height to place his/her head in
the center of the hoop. Head orientation was measured
by an electromagnetic head tracker (Polhemus FASTT-
RAK) that was mounted on top of a cap worn by the
listener.

Each trial began with the illumination of a light-
emitting diode (LED) positioned at eye level approxi-
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Fig. 2. The horizontal polar coordinate system. Zero degrees lateral is
on the vertical midline. Positive and negative lateral angles were to the
right and left of the vertical midline respectively. Zero degrees polar is
the horizontal plane, 90° is directly overhead, 180° is directly behind,
270° or —90° is directly beneath.

mately 60 cm in front of the listener (i.e. inside the
radius of the loudspeaker-moving system). The listener
oriented his/her head toward the LED and pressed one
button on a two-button response box. Immediately after
the button was pressed, the light was extinguished, and
following a random delay of 500-1500 ms, a target stim-
ulus was presented at a particular location and intensity.
If the sound was inaudible, the listener pressed the left
button. If the sound was audible, the listener oriented
his/her head towards the sound and pressed the right
button. The computer recorded both the actual location
of the target stimulus and the reported location as was
indicated by the orientation of the listener’s head. Fol-
lowing the button press, the hoop rotated to put the
loudspeaker in the next target location. When the loud-
speaker reached the next target location, the LED was
again illuminated and the next trial began. This proce-
dure was coordinated by custom software written in
MATLAB (The Mathworks, Inc.) running on an Intel-
based computer. A block of trials generally took
15 min. After every block, the listener took a short
(2-5 min) break. Most subjects were able to complete
four blocks in 90 min.

Lateral and polar angle response components were
analyzed separately. Scatterplots with target location
on the abscissa and reported location on the ordinate
were created for each intensity level. Sample data for
one listener at 10 dB SL are plotted in Fig. 3. The par-
ticularly poor performance seen in this plot serves well
for demonstration of our analyses. For the lateral com-
ponent, if more than five trials were audible, a regression
line was fit to the scatterplot. The slope of the regression
line was called the listener’s lateral angle gain. A gain of
1 would indicate bias-free performance, and a gain of 0
would indicate a strong bias towards the vertical mid-
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Fig. 3. Data analysis for the localization task. Lateral and polar
response components were separated and plotted with respect to target
angle. Independent regression lines were calculated for lateral, front
polar, and rear polar data. The slope of the regression line was termed
the subject’s gain. Responses that were within 45° of the regression line
(O) were termed quasi-veridical. Responses more than 45° from the
regression line are plotted using the x symbol. The standard deviation
of the distance from the quasi-veridical responses to the regression line
was termed the subjects variability. These statistics were calculated for
each of the tested intensities.

line. Responses that were more than 45° away from
the regression line (X in Fig. 3) were not included in fur-
ther calculations. The remaining responses (O in Fig. 3)
were termed quasi-veridical. The standard deviation of
the distance from the quasi-veridical responses to the
regression line indicated the listener’s variability.
Analysis of the polar angle component differed in a
few respects. In the horizontal polar coordinate system,
the range of vertical locations is compressed as lateral
angle proceeds further away from the vertical midline
(Fig. 2). For this reason polar analyses were restricted
to stimuli with target locations from —35° to 35° lateral.
Independent regression lines were calculated for front
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(—90° to +90°) and rear (+90° to +270°) target sounds.
Trials in which either front targets elicited rear responses
or rear targets elicited front responses were omitted
from the regression line calculation but were included
in all subsequent analyses. A regression line was calcu-
lated if there were more than five non-confused audible
trials. When there were fewer than five such trials, a line
with slope zero and y-intercept 0° for the front or 180°
for the rear was used in determining quasi-veridicality.
The slopes of the regression lines were termed the lis-
tener’s polar angle gains. A positive polar angle gain of
less than 1 would indicate a bias towards the horizontal
plane. Again, the responses that were within 45° of the
regression line were termed quasi-veridical (O in Fig.
3), and the listener’s polar variability was calculated by
computing the standard deviation of the distance from
the quasi-veridical responses to the regression line.

3. Results
3.1. Audibility

Detection threshold means and standard errors
across all listeners for eight evenly spaced locations
around the horizontal plane are plotted in Fig. 4. Detec-
tion thresholds were roughly left-right symmetric. The
highest threshold was for a sound located directly be-
hind the listener’s head (£180° azimuth). Listeners were
most sensitive (i.e. had the lowest detection thresholds)
for targets at +45° azimuth. This location corresponds
to the region with the most gain in the head-related
transfer function (HRTF) (the acoustic axis of the pinna),
plotted in Fig. 5. The frequency band with the most gain
at this location was centered slightly above 4 kHz.

11 T T T T T T T T T

101 -45, +45 B

-90 +90 -|'
+135 -|' |

+180 l

© ©
T

——
——

\‘
—
—

—

g

Detection Threshold (dB SPL)

w
-
—t—

| X 1 |
| 1l |

-180 -135  -90  -45 0 45 90 135 180
Azimuth (deg)

Fig. 4. Pooled detection thresholds for eight locations around the
horizontal meridian. Detection thresholds were roughly left-right
symmetrical about the vertical midline (azimuth = 0°). —180° and 180°
azimuth both indicate the rear midline.
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Fig. 5. One subject’s right ear HRTF at locations around the
horizontal meridian. The HRTF characterizes the spectral filtering
caused by the head and external ear. The location with the greatest
gain was at ~45° azimuth and the frequency range with the greatest
gain at that location was centered at ~4 kHz.

In the localization task, sound levels were specified as
sensation level relative to the threshold at 0° lateral and
polar. Since detection thresholds vary with location, and
low sensation levels were tested, some of the targets were
inaudible. The percentage of audible front and rear tri-
als with respect to sound intensity was pooled across
all subjects and is plotted in Fig. 6. As expected, the
number of audible trials increased with sound level,
and at equal sound levels, more front-presented stimuli
were audible than rear. It was not until 15 dB SL that
nearly all stimuli were audible.
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Fig. 6. Percentage of audible trials as a function of sensation level. At
equal sound levels, more front-presented stimuli were audible than
rear-presented stimuli.
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3.2. Localization

Audible trials were sorted by sound level and locali-
zation judgments were plotted. The raw data at each
sound level from one representative subject are plotted
in Fig. 7. Inspection of these graphs reveals that locali-
zation performance became both more accurate and
more consistent as sound intensity increased. At near-
threshold levels, there appeared to be a very strong bias
in the polar component towards the front horizontal
plane (0° polar). At slightly higher levels, (e.g. 10 dB
SL) the lateral angle response component was quite
accurate, while the polar angle component remained
inaccurate.

Each listener’s gain (regression line slope) for both
the lateral and polar response components was com-
puted at each sound level. The mean and standard error
of the gain across all subjects were computed at each
sound level and plotted in Fig. 8. At the lowest sound
levels, responses in the lateral dimension were slightly
biased towards the midline (gain ~0.5). That bias de-
creased (gain approached 1) with increasing sound level
and was extinguished (gain ~1) by approximately 10 dB
SL. At levels greater than 10 dB SL lateral gain was
slightly greater than 1, suggesting that listeners overshot
the lateral location.

In the polar dimension, the front-presented stimuli
exhibited a strong bias toward the front horizontal plane
(gain ~0) at threshold. That bias decreased (gain neared
1) with increasing sound level and reached a plateau by
~30 dB SL. The highest value that the front polar gain
reached was approximately 0.75. The small polar gain
suggests that the listeners under-estimated the polar
deviation from the horizontal plane even at the highest
sound levels.

The rear polar gain could not be calculated at 0 dB SL
because there were not enough audible, non-confused tri-
als for any listener. At 5 dB SL, only one listener had five
audible non-confused trials (signified by the open circle
in Fig. 8). In contrast with the front and lateral data,
the rear polar gain remained relatively constant regard-
less of sound level. Rear polar gain stayed below 1 for
all sound levels and therefore rear responses exhibited
the same under-estimation as the front polar data.

The percentage of quasi-veridical trials (audible and
within 45° of the regression line) was computed for each
subject at each sound level for both lateral and polar re-
sponse components. The mean and standard error of
those values were computed across subjects and are
plotted with respect to sound level in Fig. 9. The lateral
angle function showed a clear increase with respect to
sound level for intensities from 0 to 15 dB SL. For stim-
ulus intensities from 15 to 60 dB SL, nearly all responses
were quasi-veridical.

Both front and rear polar response components
also showed a clear increase in the percentage of quasi-
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Fig. 7. Raw data from one representative subject (S153) separated by
intensity level. Accuracy in both the lateral and polar response
components increased with sound level. There were levels (e.g. 10 dB
SL)at which lateral localization was accurate while polar was inaccurate.

veridical trials with increasing sound level. The percent-
age of quasi-veridical trials for front and rear responses
reached plateaus of ~85% and ~75% respectively. The
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Fig. 8. Gain (regression line slope) as a function of sensation level
averaged across all subjects. Lateral and front polar gain increased
with level and became asymptotic around gain ~1. Since bias-free
performance would be indicated by a gain of 1, the listener’s bias
decreased with increasing sound level. The bias for rear polar
responses remained relatively constant regardless of level. The open
circle represents data from only one listener. Data points are slightly
staggered horizontally for ease of viewing.
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Fig. 9. Percentage of quasi-veridical responses (audible and within 45°
of the regression line) as a function of sensation level averaged across
all subjects. The open circle represents data from one listener. Data
points are slightly staggered horizontally for ease of viewing.

corresponding percentage for the lateral response com-
ponent, ~97%, was considerably higher.

Variability (standard deviation of the distance from
the quasi-veridical responses to the regression line) was
calculated at each sound level for each subject in both
the lateral and polar dimensions. The mean and stand-
ard error of these variability values were then computed
across all subjects at each sound level and are plotted in
Fig. 10. Lateral angle variability was ~25° at threshold
and decreased with increasing sound level, reaching an
asymptote of 12.5° at approximately 30 dB SL.

The polar variability for front-presented stimuli was
quite small at near-threshold levels. That variability in-
creased with sound level until 10 dB SL. At levels higher
than 10 dB SL, variability decreased with increasing
sound level, reaching an asymptote of ~12° at 40 dB
SL. The low variability at low levels is somewhat mis-
leading as it does not indicate accurate localization. Var-
iability indicates the consistency of the responses. At low
levels, listeners consistently pointed to an incorrect loca-
tion, near 0° polar angle, as can be seen by the near-zero
gain and small variability in the polar data for front-
hemisphere targets.

No variability was calculated for the polar response
component for rear-hemisphere targets at 0 and 5 dB
SL due to a lack or shortage of non-confused audible
trials. The standard deviation at 10 dB SL was quite
large (~32°). That variability decreased with increasing
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Fig. 10. Variability of quasi-veridical responses as a function of
sensation level averaged across all subjects. Response variability
decreased with increasing level for lateral and polar response compo-
nents suggesting that listeners’ responses became more consistent as
level increased. The open circle represents data from only one listener.
Data points are slightly staggered horizontally for ease of viewing.
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sound level and plateaued at 20 dB SL. The lowest polar
variability for rear presented responses was approxi-
mately 17°. There was little difference in performance
between the 20-dB-SL stimuli presented in the high
and low conditions.

4. Discussion
4.1. Overview

The results confirm that sound localization is inaccu-
rate at levels near the detection threshold but rapidly im-
proves with level, approaching an asymptote at ~30 dB
SL. This observation accords with all psychophysical
studies that have examined the dependence of location
discrimination on sound level with stimuli of similar
duration. The present study extends the previous results
to a free response localization task, and shows that
localization in the lateral and polar dimensions are dif-
ferentially sensitive to low sound levels. The level
dependence of lateral and polar localization is most
likely related to the audibility of particular sound local-
ization cues at low stimulus levels; this has been sug-
gested by Su and Recanzone (2001) to account for
their results in a study of location discrimination. With
regard to the physiological motivation of this study, the
results are inconsistent with models that posit represen-
tations of sound source location by single neurons with
spatial receptive fields like those that have been observed
in the auditory cortex.

4.2. Cue audibility at low sound levels

The salience of all directional sound localization cues
varies with frequency. Nineteenth-century physicist
Lord Rayleigh found that interaural differences in sound
level (ILDs) were used to determine lateral angle loca-
tion of pure tones at high frequencies (Strut, 1907). In
addition Rayleigh demonstrated that listeners are sensi-
tive to interaural phase differences of low-frequency
sounds, which suggested that ITDs might be used to
localize those sounds. The frequency dependence of lat-
eral localization cues was further studied by Mills (1958)
who showed that listeners had a deficiency in pure tone
lateral localization for frequencies between 2 and 4 kHz.
Presumably, this frequency region is above the range in
which ITDs are detectable and below the range of large,
azimuth-dependant ILDs. Macpherson and Middle-
brooks (2002) tested the relative importance of ITD
and ILD in broadband, high-pass, and low-pass condi-
tions. When stimuli contained energy at low frequencies
(0.5-2 kHz), listeners localization judgments were heav-
ily weighted by ITD cues and showed little contribution
of ILD cues. The dominance of ITD cues in stimuli
containing low frequencies has also been shown by

Wightman and Kistler (1992). For high-pass filtered
(4-16 kHz) noise, localization judgments were heavily
weighted by ILD and showed little contribution of
ITD. Polar angle localization has also been shown to
be frequency dependant. Morimoto and Aokata (1984)
observed that polar localization accuracy for broadband
noise decreases dramatically when the sound is low-pass
filtered at 4.8 kHz, but is barely affected if the sound is
high-pass filtered at the same frequency thus suggesting
that the useful spectral cues lie above 4.8 kHz.

Since different frequency regions carry different com-
binations of localization cues, the effects of sound level
on localization performance might be explained by the
manner in which various portions of the spectrum rise
above the threshold of audibility as sound level in-
creases. This is illustrated schematically in Fig. 11, in
which excitation patterns for pinna-filtered, flat-spec-
trum noise at four levels (thin lines) are compared to
the minimum audible field (MAF, thick line). An excita-
tion pattern represents the output of a bank of auditory
filters as a function of filter center frequency, and thus
takes into account the increase in auditory filter band-
width (and consequent loss of spectral resolution and
summation of energy) at higher center frequencies.
The excitation patterns were calculated using the meth-
od described by Glasberg and Moore (1990) assuming a
fixed stimulus level of 20 dB SPL, and then were offset
vertically to represent different stimulus levels. Pinna fil-
tering is represented here by the application of a direc-
tional transfer function (DTF), which captures the

T T
mm Minimum Audible Field (MAF)
—— DTF Excitation Pattern

Level (dB SPL)

i ITD | ILD | ILD + Spectral Cues
5 1 2 4 8 16

Frequency (kHz)

Fig. 11. A schematic offering an explanation for the effect of sound
level on localization. The thick line is the MAF, which is a function of
pure tone detection thresholds with respect to frequency. The thin lines
are the excitation pattern for broadband flat-spectrum noise filtered by
one listener’s directional transfer function plotted at four levels
(designated by letter). Any portion of the excitation pattern that lies
above the MAF is considered audible. The audible portion of the
frequency spectrum widens as sound level increases. Since localization
cues are distributed throughout a wide range of frequencies, it is not
until the full spectral range is audible that all cues are useable and
optimal localization can be achieved.
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directional sensitivity of the external ear for a particular
source location but excludes spatially invariant contri-
butions to the overall source-to-eardrum transfer func-
tion, such as the ear canal resonance. The MAF is the
frequency-specific detection threshold for a front-
positioned pure tone (data taken from Glasberg and
Moore (1990)), and reflects the combined effects of the res-
onance of the pinna and ear canal and the frequency sen-
sitivity of the cochlea (among other factors). The lowest
point on the MAF curve (thick line), and therefore most
sensitive frequency region, is at approximately 4 kHz.
At any particular sound level, one can regard the fre-
quency range of available spatial cues as the range of the
excitation pattern that lies above the MAF function. The
audible portion of the frequency spectrum widens as
sound level increases. Since necessary localization cues
are distributed throughout a wide range of frequencies,
it is not until the full spectral range is audible that all cues
are useable and optimal localization can be achieved.
The only portion of the excitation pattern at level A
(which represents a near-threshold stimulus) in Fig. 11
that lies above the MAF curve is a narrow band cen-
tered at 4 kHz. Lateral localization is impaired in this
frequency range (Mills, 1958) as the only spatial cue that
is detectable is ILD. Even ILDs are small in this fre-
quency region compared to higher frequencies. De-
graded lateral localization performance was seen in the
data by the high variability and moderate bias present
at the lowest levels (Figs. 8 and 10, respectively).
Essentially no polar location cues reside in the nar-
row band centered at 4 kHz. Indeed, polar responses
were grossly inaccurate at near-threshold levels. Listen-
ers consistently responded on the horizontal plane,
regardless of where the sound was presented. This is
seen by the low variability and near-zero polar angle
gain (Figs. 8 and 10, respectively). Since no polar cues
were audible, it is possible that listeners were oblivious
to the polar location and gave a default response on
the horizontal plane. It is also possible that the listeners
actually perceived the sound to have originated on the
horizontal plane. Previous investigations have shown
that supra-threshold narrow-band noise bursts with cen-
ter frequencies of 4 kHz are often reported to have orig-
inated on the horizontal meridian regardless of
presented location (Middlebrooks, 1992; Butler, 1971;
Blauert, 1969/1970).
The excitation pattern at level B in Fig. 11 represents
a stimulus that is slightly above the detection threshold.
A much greater portion of the excitation pattern lies
above the MAF curve. The audible sound can now be
roughly described as low-pass filtered at 5 kHz. The
audible frequency range contains both of the cues used
in lateral localization (ITD and ILD). Accurate lateral
localization should be possible at this sound level. This
increase in lateral localization performance is seen
in the data by the dramatic decrease in bias (increase

in gain) and variability as sound level increased. By
10 dB SL, lateral angle response components were unbi-
ased and consistent. The frequency region containing
the spectral cues necessary for polar localization is still
sub-threshold at level B, which accords with the obser-
vation that polar angle responses retain their bias to-
wards the horizontal plane at sound levels greater than
the detection threshold.

The excitation pattern at level C in Fig. 11 represents
a stimulus that is moderately above threshold. The
majority of the spectrum at this level lies above the
MAF curve and therefore all localization cues should
be audible. There should be little increase in lateral angle
localization accuracy, as all of the necessary cues were
audible at a lower sound level. All lateral data become
asymptotic around 20 dB SL (Figs. 8-10).

At level C, some bands in the frequency region con-
taining the polar angle spectral cues become audible.
However, it is not sufficient that some frequencies in this
region are audible. Polar localization is achieved by
comparing the energy level across various frequencies
(i.e. by determining spectral shape). To achieve accurate
polar localization, enough dynamic range must be audi-
ble for the listener to detect the spectral peaks and
notches. Since only part of the spectral shape at level
C is audible, polar localization should be sub-optimal.
Polar localization should gradually improve with level
as a greater portion of the spectral shape becomes
detectable. The front polar angle gain curve (Fig. 8) in-
creases much more gradually than the lateral.

Rear polar angle gain exhibits little effect of level
(Fig. 8). The spectral cues used in determining vertical
and front/rear position reside in roughly the same fre-
quency region. If there is enough energy to recognize a
rear presentation, there should also be enough energy
to determine the elevation component. Since rear polar
angle gain was only calculated for non-confused rear re-
sponses, one would expect little level dependence.

The excitation pattern at level D in Fig. 11 represents
a stimulus that is well above threshold. At this point the
entire spectrum is audible, so optimal polar localization
can be achieved. There should be little change in locali-
zation performance at levels higher than D. All polar
and lateral angle functions presented in this study at
some point became asymptotic (Figs. 8-10). One might
suspect that at very high sound levels, polar localization
would be degraded due to decreased spectral resolution
in the auditory system (Shailer et al., 1990; Rosen et al.,
1998; Supin et al., 2003).

Vliegen and van Opstal (2004) examined elevation
gain as a function of level and duration. For stimuli at
the lowest tested sound level (26 dB SPL) and the short-
est duration (3 ms) localization judgments were heavily
biased towards the horizontal plane. Whereas the sche-
matic presented here in Fig. 11 attempts to explain
why localization should be impaired, the model
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proposed by Vliegen and van Opstal (2004) attempts to
explain why localization judgments occurred where they
did. Briefly, those authors proposed that the auditory
system begins with a default location on the horizontal
plane and that spatial estimates are then integrated over
the duration of the stimulus moving the perceived loca-
tion closer to the target. This model predicts that stimuli
with poorly represented spectra or short durations
should be localized on or near the horizontal plane as
was observed in the present study for stimuli at near-
threshold levels.

4.3. Relation to physiology

Models explaining the representation of auditory
space in the central nervous system that rely on sharp
tuning of single neurons predict that localization accu-
racy will increase as that neuron’s receptive field nar-
rows. Many studies have shown that the receptive
fields of single neurons in the auditory cortex narrow
as sound level decreases. Therefore, such models predict
that sound localization will improve with decreasing
sound level. That prediction clearly conflicts with the
present data (and with common sense). Alternative
models state that the representation of auditory space
may be distributed across many broadly tuned neurons
(Middlebrooks et al., 1998; Stecker and Middlebrooks,
2003; Jenison, 2001). A distributed model predicts that
sound localization will decline at lower sound levels be-
cause fewer neurons are activated. This prediction ac-
cords with the present psychophysical results.
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