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Monaural measurements of minimum audible angle �MAA� �discrimination between two locations�
and absolute identification �AI� of azimuthal locations in the frontal horizontal plane are reported.
All experiments used roving-level fixed-spectral-shape stimuli processed with nonindividualized
head-related transfer functions �HRTFs� to simulate the source locations. Listeners were instructed
to maximize percent correct, and correct-answer feedback was provided after every trial.
Measurements are reported for normal-hearing subjects, who listened with only one ear, and
effectively monaural subjects, who had substantial unilateral hearing impairments �i.e., hearing
losses greater than 60 dB� and listened with their normal ears. Both populations behaved similarly;
the monaural experience of the unilaterally impaired listeners was not beneficial for these monaural
localization tasks. Performance in the AI experiments was similar with both 7 and 13 source
locations. The average root-mean-squared deviation between the virtual source location and the
reported location was 35°, the average slopes of the best fitting line was 0.82, and the average bias
was 2°. The best monaural MAAs were less than 5°. The MAAs were consistent with a theoretical
analysis of the HRTFs, which suggests that monaural azimuthal discrimination is related to
spectral-shape discrimination. © 2008 Acoustical Society of America. �DOI: 10.1121/1.2981634�

PACS number�s�: 43.66.Qp, 43.66.Ts, 43.66.Pn �RYL� Pages: 3132–3141
I. INTRODUCTION

Research on azimuthal localization, especially for
sources located in the frontal portion of the horizontal plane,
has traditionally focused on binaural performance where the
most important information is carried by the interaural dif-
ferences in time delay �ITD� and level �ILD�. When interau-
ral comparisons are not possible �e.g., due to a severe unilat-
eral hearing loss�, subjects must rely on spectral-shape or
overall-level information, which is primarily determined by
the head shadow and pinna effects �Shaw, 1974; Shaw and
Vaillancourt, 1985�. The limits of localization performance
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based on interaural comparisons are well known �e.g., see
Blauert �1997��, but the ability to use the information in the
spectral shape is less well characterized. Studies of monaural
localization that utilize a roving-level stimulus to reduce the
overall-level information include those of Slattery and
Middlebrooks �1994� and Wightman and Kistler �1997�.
More recently, there have also been a number of monaural
localization studies with cochlear implant �CI� subjects �e.g.,
see van Hoesel et al. �2002�, van Hoesel and Tyler �2003�,
Litovsky et al. �2004�, Nopp et al. �2004�, and Poon �2006��.

The motivation for this study comes from Blauert �1982�
where he noted that there is a difference between reporting
the perceived location of the source and using all the infor-
mation to determine the actual location of the source. This
distinction could be particularly important for monaural lo-

calization in which the normal ITD and ILD cues are missing
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or in conflict with the spectral-shape cues. In this monaural-
listening case, the ITD is undefined and the ILD is consistent
with an extreme lateralization toward the presentation side.
In fact, most listeners report that a monaural stimulus is per-
ceived at the presentation ear �Slattery and Middlebrooks,
1994; Wightman and Kistler, 1997�. In spite of this percep-
tion, the spectrum of the received sound provides informa-
tion about the location of a source. In previous monaural
localization studies, subjects were generally requested to “re-
port the apparent location” of the sound as opposed to report-
ing the location that they believed was correct, and no trial-
by-trial feedback was given �Litovsky et al., 2004; Yu et al.,
2006; Slattery and Middlebrooks, 1994; Wightman and Kis-
tler, 1997; Lessard et al., 1998�. The goal of the current study
is to measure monaural localization performance when the
subjects are instructed to use all the available information to
identify which virtual location was presented and when
correct-answer feedback is given.

The monaural stimuli used in these studies are unnatural
for normal-hearing �NH� listeners who normally listen with
two ears, and one might speculate that subjects with large
unilateral losses �ULs� would perform better. When in-
structed to report the apparent location, chronically unilateral
listeners, who normally localize with input to a single ear,
performed better than subjects with NH �Slattery and
Middlebrooks, 1994� and bilateral CIs �Poon, 2006�. The
benefits of prolonged monaural experience for monaural lo-
calization based on the spectral profile are not known; it is
possible that the ability to perform a complex profile analysis
is either equally useful for both binaural and monaural lis-
teners or rapidly learned.

The motivation for this experiment was not to learn
where subjects perceived monaural stimuli but to see if the
monaural spectral profiles associated with azimuthal loca-
tions provided subjects with sufficient information to select
the correct azimuthal location. This experiment is relevant
for the interpretation of performance by bilateral CI users
who are asked to identify source directions using a single
implant. In interpreting results from studies on the ability of
CI users to localize sounds monaurally, the instructions of
the experiment may play a confounding role, as in the dif-
ference between “relate your impression of where the sound
came from” and “try to respond with the correct location.” In
particular, it is possible that there are sufficient spectral cues
for a unilateral CI listener to map out a reliable spectral
profile associated with azimuthal locations and “get the right
answer” meanwhile perceiving the location of every source
as coming from the side of the unilateral implant.

Keeping in mind CI users, the ability of NH listeners to
perform monaural localization tasks with constraints similar
to those used in CI localization studies was tested. Due to the
limited availability of bilateral CI subjects, CI localization
studies often do not provide extensive training. Further, CI
processing often limits the high-frequency information �up to
8 kHz� and number of channels �approximately 20� available
to the listeners. Finally, when listening unilaterally, bilateral
CI listeners do not have access to any �even extremely at-
tenuated� interaural difference cues. Therefore, in the current

tasks, NH and unilaterally impaired listeners were given little
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training, and the stimulus was a flat-spectrum tone complex
with 20 logarithmically spaced components that had a maxi-
mum frequency of 8 kHz. To eliminate the usefulness of all
interaural difference cues as well as to provide a standard-
ized set of spectral differences, virtual auditory techniques
based on nonindividualized head-related transfer functions
�HRTFs� were used. The HRTFs that were used were re-
corded with an in the ear microphone and not with a behind
the ear microphone that is common with CIs. The effects of
microphone placement on the HRTFs are likely limited for
stimuli with a maximum frequency of 8 kHz because much
of the information about the sound source location arises
from head shadowing effects and not from pinna filtering.

We utilized both discrimination and absolute identifica-
tion �AI� of azimuthal-angle paradigms to assess if the spec-
tral profile �or more accurately the aspects of the profile that
the subjects utilize� depends on the azimuth in a monotonic
manner. The experimental paradigm differs from traditional
measurements of localization in four ways. The most obvi-
ous difference is that the stimuli were presented monaurally.
Two other changes were made to help subjects learn the
mapping between potential cues and source locations; the
first was that feedback was provided after every trial, and the
second was that a fixed reference stimulus, designed to serve
as a perceptual anchor �Braida et al., 1984�, was presented
on every trial. The final change was, as mentioned previ-
ously, to use a flat-spectrum tone complex, as opposed to the
noise and speech stimuli typical of localization studies. An
advantage of using a tone complex, as opposed to a stimulus
with a continuous spectrum, is that there is no variability in
the short-time spectral shape. Future studies will address the
influences of spectral variability �both short time and long
time� on monaural localization. With these changes, the cur-
rent study provides data as to the ability to identify the loca-
tion of a sound source when all the available information, not
just the perceived location, is utilized.

II. EXPERIMENTAL METHODS

Two different experiments were conducted with the
same subjects, stimuli, and experimental apparatus. Both ex-
periments used virtual auditory techniques with nonindividu-
alized HRTFs to simulate sound sources with different loca-
tions. In the first experiment, the minimum audible angle
�MAA� was estimated to characterize listeners’ abilities to
distinguish between two locations. In the second experiment,
AI performance was assessed with a virtual-speaker array
�seven or thirteen locations� spanning the frontal hemi-field.
In all experiments, correct-answer feedback was provided
after each trial.

The MAA task, the 7-location AI task, and the 13-
location AI task explore different aspects of monaural local-
ization. The MAA task provides insight into whether or not
there is sufficient information in the spectral profile to dis-
criminate between two locations. In the AI tasks, memory
requirements are greater with 13 locations than with 7 loca-
tions, particularly if there is no percept that varies continu-
ously with azimuth. Thus, similarity in performance �e.g., the

root-mean-squared �RMS� difference between the response
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location and source location� in these AI tasks could suggest
that the subjects use a percept that varies in a systematic
manner with source location.

A. Subjects

Six subjects, with ages between 19 and 37 years, partici-
pated in both experiments. The subjects had either NH, cor-
responding to thresholds below 20 dB HL at octave frequen-
cies between 250 and 8000 Hz, or a UL. The UL subjects
had normal hearing at one ear and a substantial impairment,
thresholds greater than 60 dB HL, at the other ear such that
much of their everyday listening was effectively monaural.

The etiologies of the hearing losses varied among the
UL subjects. Subject UL1 had unilateral congenital microtia
and atresia that resulted in a conductive loss on the left side.
Subject UL2 had an idiopathic congenital sensory-neural im-
pairment at her right ear. Subject UL3 had an acoustic neu-
roma �right side� removed approximately seven years prior
to the testing. The stimuli were presented to the normal hear-
ing ear of the UL subjects �the right ear for UL1 and the left
ear for UL2 and UL3� and to the right ear of the NH subjects.
By including both NH and UL subjects, the benefits, if any,
of long-term “monaural” listening on monaural location
identification, as measured in this experiment, can be as-
sessed.

The experience of the subjects with psychoacoustic ex-
periments and their familiarity with the questions being ex-
plored varied. Subjects NH1, NH2, and UL1 are authors and
had prior exposure to the stimuli and paradigms used in this
work. In particular, NH1 had extensive exposure to the
stimuli and paradigms during pilot listening. Subject UL3
had participated in numerous psychophysical tasks but did
not have previous exposure to the stimuli or paradigms used
in this work; the subject was also aware of the purposes of
the experiment. Subjects NH3 and UL2 were naïve and had
never participated in a psychophysical experiment; they re-
ceived an hourly wage for their participation.

B. Spatial processing

Virtual auditory techniques were used for the spatial
processing to eliminate all binaural cues. Virtual locations
were simulated by filtering the flat-spectrum tone complex
with a HRTF recorded at the right ear of a Knowles Elec-
tronics Manikin for Acoustic Research �KEMAR�.1 For all
subjects the right-ear HRTF was used �with appropriate ipsi-
lateral and contralateral associations�, even when the stimu-
lus was presented to the left ear �UL2 and UL3�. The HRTFs
of the left and right ears are not identical due to slight asym-
metries in KEMAR and the recording apparatus. By only
using nonindividualized HRTFs obtained at the right ear, the
same stimuli were used for all subjects. Since nonindividu-
alized HRTFs were used in all cases, any effect of using the
HRTFs recorded at the right ear of KEMAR when presenting
stimuli at the left ear of the subjects should be small. It
should also be noted that the use of nonindividualized
HRTFs might negate some of the potential benefits of the UL
listeners. Specifically, benefits from familiarity with the

unique spectral differences associated with their individual-
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ized HRTFs are lost. However, benefits from experience us-
ing only spectral profiles for localization are preserved.

C. Stimuli

A tone complex with 20 components spaced logarithmi-
cally between 500 and 8000 Hz was used in both the MAA
and AI tasks. The rise and fall times of the tone complex
were 25 ms. The relative phases of each component were
randomized on every presentation, and the relative levels of
each component �before spatial processing� were identical
�i.e., flat spectrum�.

The stimuli were band limited to frequencies below
8 kHz for four reasons. First, for frequencies above 8 kHz,
the dependence of the spectral profile on location is not
monotonic. For example, at some of these higher frequen-
cies, a small change in location toward the side ipsilateral to
the recording unexpectedly increases the level. Second, indi-
vidual differences in HRTFs are more pronounced at fre-
quencies above 8 kHz. Third, future investigations may fo-
cus on monaural localization of speech, which has limited
energy above 8 kHz. Fourth, CI processors often limit the
amount of high-frequency information.

There were two differences in the stimuli used in the
MAA and AI tasks. These differences arose because the ex-
periments were designed separately even though they were
ultimately run on a common group of subjects. The first dif-
ference relates to the duration, and the second relates to the
level. The duration of the tone complex in the MAA task was
1000 ms, while in the AI task �both with 7 and 13 locations�
the duration was 800 ms. In the MAA task, after the spatial
processing, the overall level of the stimulus was roved over a
10 dB range ��5 dB� around 60 dB SPL on every presenta-
tion. In the AI tasks, the overall level, after spatial process-
ing, was first normalized �to reduce the loudness differences
across locations� and then roved by �4 dB �an 8 dB range�.

D. Equipment

During the experiments, subjects sat in a sound-treated
room in front of a LCD computer monitor and responded
through a graphical interface via a computer mouse. On each
trial, “lights” displayed on the monitor denoted the current
interval number. The cueing lights were arranged horizon-
tally and therefore moved left to right. Further, in the AI task,
a graphical display of the speaker array with the appropriate
response locations was continuously displayed to the sub-
jects on the monitor. This graphical display was simply a half
circle with small squares representing the possible speaker
locations and a small circle representing the position of the
listener. The visual angles of the graphical representation did
not match the true source locations since the virtual-speaker
array spanned the frontal 180° of azimuth, and therefore
many of the sources would be out of the angular range of the
monitor. In addition, the subject’s viewing position of the
graphical representation was not controlled. The experiment
was self-paced, and listening sessions lasted no more than

2 h with rest breaks. A computer and Tucker-Davis-
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Technology System II hardware generated the experimental
stimuli at a sampling rate of 50 kHz. Stimuli were presented
over Sennheiser HD 265 headphones.

E. Minimum audible angle procedures

In the MAA experiment, subjects were presented a series
of two-interval trials. The first interval was presented from
the virtual reference location �fixed for each run of 90 trials�,
and the second interval was from the virtual comparison lo-
cation �to either the left or right of the reference location�.
The left and right comparison locations were presented with
equal probability, and the subjects were instructed to report
whether the comparison location was to the left or to the
right of the reference location. A level randomization �chosen
independently from interval-to-interval and trial-to-trial� was
applied to the stimulus in each interval. There was 200 ms of
quiet between each interval. Trials were self-paced, and the
subjects received correct-answer feedback after every trial.

The probability of a correct response was measured at
three reference locations with four different comparison
angles for each reference. For each reference location and
comparison angle, 90 trials were conducted. For each refer-
ence location, all 360 trials, 90 for each of the four compari-
son angles, were completed before the next reference loca-
tion was tested. The ordering of the comparison angles was
always 30°, 15°, 10°, and 5°. The ordering of the reference
location relative to the midline was the same for all subjects;
specifically, the ordering was �1� 60° to the left of the mid-
line, �2� at midline, and �3� 60° to the right of the midline.
Therefore, the right-ear subjects started with the reference
location on the side contralateral to the presentation ear, and
the left-ear subjects �UL2 and UL3� started with the refer-
ence location on the side ipsilateral to the presentation ear.

In the analysis of the MAA task, the difference between
the reference and comparison angles is used and not the dif-
ference between the left and right comparison angles. Al-
though an ideal observer would ignore the reference presen-
tation and decide if the second interval was the left or right
comparison, many of the subjects reported basing their deci-
sions on whether the comparison was to the left or right of
the reference. This strategy is consistent with attempting to
reduce memory demands by not making comparisons to a
standard held in memory.

F. Absolute identification procedures

In the AI task, subjects were presented a series of three-
interval trials. The first and third intervals cued the subjects
to the extremes of the virtual-speaker array. Specifically, the
first interval of each three-interval trial was presented from
the extreme location �90° away from midline� on the side
contralateral to the presentation ear, and the third interval
was presented from the extreme location on the side ipsilat-
eral to the presentation ear.2 The second interval was pre-
sented from a random virtual location, and subjects were
asked to identify the location of the source on the second
interval. The level randomization applied to each interval
was chosen independently. There was 800 ms of quiet be-

tween each interval. Trials were self-paced, and subjects re-
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ceived feedback after every trial. The feedback informed
them of the actual source number both through a textual
message and by highlighting the correct location in the
graphical representation of the speaker array. The subjects
were told that the goal was for their responses to be as close
as possible to the correct answers.

Data were collected for both the 7-virtual-speaker array
and the 13-virtual-speaker array. With both arrays, the virtual
speakers were equally spaced across the frontal hemifield.
The separations between locations were 30° and 15° for the
7-location and 13-location arrays, respectively. For the
7-location task, data were collected in runs of 70 trials �ten
presentations from each location�, while for the 13-location
task, data were collected in runs of 65 trials �five presenta-
tions from each location�. All subjects completed all five
runs of the 7-location task prior to the collection of the data
for the 13-location task. In this 13-location task, all subjects
completed five runs except UL2 who completed only three
runs due to limited availability.

Since the first interval was always from the extreme lo-
cation on the side contralateral to the presentation ear and the
third interval was always from the extreme location on the
side ipsilateral to the presentation ear, subjects received iden-
tical acoustical stimuli regardless of the presentation ear.
However, there was an asymmetry between left- and right-
ear listening; the virtual locations moved left to right for the
right-ear listeners and right to left for the left-ear listeners
�UL2 and UL3�. Additionally, the interval markers �cueing
lights� displayed on the monitor always moved left to right.
Therefore, the interval markers and the sounds moved in the
same direction for right-ear listeners, while for left-ear lis-
teners, the interval markers and the sounds moved in oppo-
site directions. Subject UL3 �a left-ear subject� spontane-
ously reported that the dissonance between the lights and the
sounds was “annoying.” The impact of these subtle differ-
ences between left- and right-ear listening is discussed fur-
ther below.

The data from the AI tasks were collected in terms of
source-response confusion matrices; each entry of these ma-
trices contains the frequency of a particular response �i.e.,
speaker number� being reported conditioned on the location
of the presented stimulus. Confusion matrices can be visual-
ized as dot scatter plots where the diameter of each dot is
proportional to the frequency of occurrence of the associated
source-response pairing. The source-response confusion ma-
trices can also be characterized by a number of statistical
measures. The slope and intercept of the best fitting �least-
mean-squared difference� straight line as well as the RMS
differences and the mean-unsigned �MUS� differences be-
tween the response and source locations are calculated. The
RMS and MUS differences are calculated for all source lo-
cations together as well as separately for source locations
ipsilateral and contralateral to the presentation ear. For com-
pleteness, the RMS and MUS differences are also calculated
for the center location since this location is not included in

either the ipsilateral or the contralateral calculations.
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G. Familiarization and training

Subjects were given only limited familiarization and
training3 similar in duration to the familiarization and train-
ing stages of studies involving CI listeners. Before each task
began, the subjects were given a short demonstration of the
stimuli. Immediately following the demonstration, subjects
were generally given a short training block to familiarize
them with the experimental paradigm. Since subjects NH1,
NH2, UL1, and UL3 had experience in discrimination pro-
cedures, they were not given a training block in the MAA
task �they were, however, given a training block before the
7-location and 13-location tasks�. Immediately following the
training block, data collection for the appropriate task was
started. The MAA task was conducted first followed by the
7-location task and, finally, by the 13-location task.

The demonstration consisted of a stimulus being pre-
sented from each virtual location �7 locations in the MAA
and 7-location tasks and 13 locations in the 13-location task�
from right to left and then from left to right �independent of
the ear at which the stimulus was being presented�. Follow-
ing this presentation, stimuli from the extreme left location,
then from the middle location, and finally from the extreme
right location were presented. During all of these presenta-
tions, the cartoon of the speaker array described above was
displayed on the monitor, and the currently active location
was highlighted.

The short training blocks consisted of a few trials to
allow the subjects to familiarize themselves with the experi-
mental procedures. In the MAA task, the practice block con-
sisted of 90 trials with the first reference angle and a change
in angle of 30°. In the 7-location AI task, the practice block
consisted of two trials from each location, while in the 13-
location task, the practice block consisted of one trial from
each location.

III. ANALYSIS OF THE SPECTRAL PROFILE

The obvious physical cue, for monaural localization of a
fixed-spectrum random-level source, is the spectral shape
�magnitude as a function of frequency� of the HRTF since it
varies significantly with azimuthal angle. Figure 1 shows the
spectral shape of the HRTF for the locations used in the
seven-location AI task. The levels of the low-frequency com-
ponents �below 1000 Hz� change by only a few decibels as a
source is moved from the extreme left to the extreme right
�as would be expected from the minimal head shadow effect
at low frequencies�. The levels of the middle frequencies
�1000–8000 Hz� show strong dependencies on location and
generally increase as the source is moved from the side con-
tralateral to the recording �i.e., the right� toward the side
ipsilateral to the recording �i.e., the left�. Since the stimuli
used in this work do not include frequencies above 8000 Hz,
the high-frequency regions of the spectral profiles are not
shown.

A spectral analysis of the HRTFs was used to calculate
the performance of the ideal observer in the MAA task. The
analysis is based on the model of Durlach et al. �1986� in
which the activity in separate frequency channels is assumed

to be statistically independent and to be combined optimally
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such that the square of d� is equal to the sum of the squares
of the d� values for the separate channels. The value of the
predicted d� then is the product of the square root of the
number of independent frequency bands and the RMS differ-
ence in the spectral levels for each band divided by the stan-
dard deviation of the internal noise. An internal noise with a
standard deviation of 1 dB is consistent with thresholds from
profile analysis studies involving relatively simple changes
to tone complex stimuli �see Green 1988�. Farrar et al.
�1987� estimated a larger standard deviation of the internal
noise �between 4 and 13 dB� for the discrimination between
two stimuli with continuous spectra and complicated spectral
shapes.

In the current analysis, the standard deviation of the in-
ternal noise was chosen �post hoc� to be 8 dB, leading to
predictions that roughly match the range of performance
demonstrated by our subjects in the MAA experiments. In
making the predictions we assume that each of the 20 com-
ponents, which are logarithmically spaced between 500 and
8000 Hz, falls, into independent frequency bands. For com-
parison with the MAA results, d� is converted into the prob-
ability of a correct response by evaluating the standard nor-
mal cumulative probability distribution at one-half the
predicted d�. The ideal observer ignores the reference and
makes a decision based only on the comparison angle. The
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FIG. 1. Spectral profiles as a function of frequency for seven different
locations in the frontal portion of the azimuthal plane. The spectral profiles
are from right ear HRTF recordings of KEMAR. The same line styles are
used for ipsilateral and contralateral locations; however, the linewidth for
ipsilateral locations is wider than for contralateral locations. In the psycho-
physical experiments, the overall differences are reduced by normalization
and level randomization, forcing the subjects to rely on differences in the
spectral shapes.
predictions do not take into account that many of the subjects
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reported comparing the reference and comparison angles in
the MAA task.

Figure 2 shows the predicted MAA psychometric func-
tions �probability of a correct response as a function of the
magnitude of the difference between the reference and com-
parison angles�. As one might expect, the probability of a
correct response generally increases with increasing spatial
separation. Further, performance is greater for the 60° con-
tralateral reference location than for the 60° ipsilateral refer-
ence location and is worst for the midline reference location.
The probability of a correct response ranges from near
chance with the smallest spatial separations at the midline
reference location to better than 0.95 with the largest spatial
separations at the 60° contralateral reference location.

IV. RESULTS

A. MAA results

Figure 3 shows the MAA psychometric functions ob-
tained for the six subjects. Some of the psychometric func-
tions are nonmonotonic even though the modeling suggests
that increasing the spatial separation increases the informa-
tion �see Fig. 2�. Every subject, except NH2, was able to
discriminate left from right for some of the tested reference
angles and spatial separations. All subjects, except for NH2,
were able to identify reliably �probability of correct greater
than 0.7� if the comparison angle was 15° to the left or right
of the reference angle for the 60° contralateral reference lo-
cation �squares� and the midline location �circles�. For large
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FIG. 2. Psychometric functions in the monaural MAA task for the ideal
observer with an internal noise with a standard deviation of 8 dB. The solid,
dashed, and dash-dotted psychometric functions correspond to source loca-
tions of 60° contralateral �square� to the presentation side, midline �circle�,
and 60° ipsilateral to the presentation side �triangle�. The change in source
location is the difference between the reference and left/right comparison
locations, not the difference between the left and right comparison locations.
The dotted line at 0.7 is a commonly used reference for threshold perfor-
mance.
increments, subjects NH1, NH3, and UL1 could reliably dis-
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criminate left from right for the 60° ipsilateral reference lo-
cation �triangles�, while NH2, UL2, and UL3 could not.
From these MAA data, it is notable that the two populations
�NH listeners and unilateral listeners� are overlapping in their
abilities to perform these MAA tests with minimal training.

Learning effects are the likely cause of two aspects of
the data. The non-monotonic shape of some of the measured
psychometric functions may be an effect of learning because
for each reference angle, all subjects were tested with the
largest difference between the reference and comparison
angles first and the smallest difference last. Learning effects
may also be the reason that subjects UL2 and UL3 �the only
left-ear subjects� were unable to achieve threshold perfor-
mance with the 60° ipsilateral reference location that was
tested first, but two of the three right-ear subjects �all except
NH2�, who were tested in the ipsilateral condition last, were
able to obtain threshold performance. These effects require
more testing on a larger group of subjects to be confident of
the factors that are at play and to separate intersubject differ-
ences from learning effects.

Apart from subject NH2, the overall level of perfor-
mance is roughly consistent with the analysis of the spectral
profile �see Fig. 2� when the internal noise is assumed to
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FIG. 3. Psychometric functions for the monaural MAA task for the six
subjects. The panels in the left column are for the NH subjects, and the
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solid, dashed, and dash-dotted psychometric functions correspond to source
locations of 60° contralateral �square� to the presentation side, midline
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tion side was on the right for all subjects except UL2 and UL3. As in Fig. 2,
the change in source location is the difference between the reference and
left/right comparison locations, and the dotted line is a commonly used
reference for threshold performance.
have a standard deviation of 8 dB. One notable exception is
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that the ideal observer performs worst with the midline ref-
erence location, while the subjects perform worst with the
ipsilateral reference location. The relatively large amount of
internal noise in the ideal receiver model needed to approxi-
mate the performance of our subjects may be due to the lack
of training. It is possible that well trained subjects could
perform substantially better on these discrimination tasks.

B. AI results

Figures 4 and 5 show scatter plots for the 7-location and
13-location AI tasks, respectively. As was the case in the
MAA task, there were no consistent differences between the
subjects with NH and those with unilateral hearing impair-
ments. Overall, the performance in the AI task is quite good.
For all subjects, the larger dots in the scatter plots generally
lie near the major diagonal. Only a limited number of re-
sponse locations differed from the source location by over
30°. Visually it seems clear that subjects are able to identify
the location of a source within about 30°, consistent with the
statistical results shown in Table I. For all the subjects in
both tasks, the slopes of the best fitting lines are near unity.
The maximum value of the slope is 0.97 and the minimum
value is 0.61. The bias �intercept� is generally small, as in-
dicated by the fact that all of the values of the intercepts were
within one virtual speaker separation and the majority of the
values �7 of 12� were within a quarter of a speaker separa-
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tion. The measured value of the RMS differences ranged
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between 25.8° and 50.4° in the 7-location task and 19.1° and
39.3° in the 13-location task. The RMS difference weighs
“outliers” �large mistakes� more heavily than the MUS dif-
ference. The MUS differences, however, had a similar range
�16.0°–34.8°�, suggesting that the effects of large errors on
performance were small for both the 7- and 13-location
tasks.

As in the MAA results, the data are consistent with the
existence of some learning between the 7-location and 13-
location tasks. Performance, as assessed by the slope, bias,
RMS difference, and MUS difference, tends to be better in
the 13-location task �tested second� relative to the 7-location
task �tested first�. In comparing these tasks, most slopes in-
creased toward unity, the magnitudes of the biases decreased
in every case, the RMS differences decreased on average and
individually in two-thirds of the six cases, and the MUS
difference decreased on average �but in only three of six
cases�. This trend toward a slight improvement suggests that
some learning occurred in the course of testing. Whether this
learning is related to the AI of location or to the experimental
paradigm is unclear.

In contrast to the MAA case, better performance for
sources located on the side contralateral to the presentation
ear is not seen in the results for either the 7-location task or
the 13-location task �see Table I�. In these tasks, performance
is similar for sources both ipsilateral and contralateral to the
presentation ear. Performance for source locations of 0° and
180° is particularly interesting since those locations corre-
spond to the ends of the range of stimuli and are the loca-
tions of the reference stimuli that were presented in the first
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FIG. 5. Same as in Fig. 4, except for the 13-virtual-speaker array.
�0°� and last �180°� intervals of each trial. The best perfor-
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mance is consistently seen at these two extreme locations.
The cueing intervals may have contributed to the similarity
in performance for source locations ipsilateral and contralat-
eral to the presentation ear.

V. DISCUSSION

The MAA results show that spectral-shape cues provide
sufficient information for the discrimination of angles sepa-
rated by 10° for many reference directions. This performance
is consistent with that expected from spectral-shape discrimi-
nation as measured in previous studies �Farrar et al., 1987�.
The AI results indicate that when feedback is provided so
that subjects can use all available information to identify the
virtual location, monaural localization performance can be
quite reliable with RMS errors around 30°. In addition, it is
notable that there were no consistent differences seen be-
tween chronically unilateral listeners and NH �bilateral� lis-
teners, even though one might expect an advantage in these
monaural experiments for listeners who never have interaural
difference cues.

Previous studies found that the perceived location is not
very reliable for location judgments with monaural stimuli
�Litovsky et al., 2004; Yu et al., 2006; Slattery and Middle-
brooks, 1994; Wightman and Kistler, 1997; Lessard et al.,
1998�. These previous studies generally focused on the per-
ceived location as opposed to subjects’ judgments about
where the source is actually located and therefore did not

TABLE I. Summary statistics for the 7-location and

7 locations Slope
Bias �deg�
RMS difference
�deg�

All locations
Ipsilateral locatio
Center location
Contralateral
locations

MUS difference
�deg�

All locations
Ipsilateral locatio
Center location
Contralateral
locations

13 locations Slope
Bias �deg�
RMS difference
�deg�

All locations
Ipsilateral locatio
Center location
Contralateral
locations

MUS difference
�deg�

All locations
Ipsilateral locatio
Center location
Contralateral
locations
provide feedback. The current study employed a paradigm,
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including feedback, intended to encourage subjects to use
any useful cue to optimize the identification of the location
of a fixed-spectrum source. We consider the differences be-
tween our results and previous monaural localization experi-
ments to reflect this distinction and the fact that the experi-
ments with and without feedback �and with different
instructions� measure different abilities.

This distinction between experiments with and without
feedback is particularly important when the stimulus is mon-
aural and is naturally perceived at the side of the stimulated
ear. Providing feedback allows the subjects to use any infor-
mation to identify the location of the sound source. Interest-
ingly, the similarity in performance between the 7-location
and 13-location AI tasks suggests that the subjects rely on a
sound quality that varies systematically with source location.
In fact, many of the subjects described attending to the tim-
bre or sound quality of the stimulus for identifying the loca-
tion of the sound source. Specifically, they reported that
stimuli presented from locations contralateral to the presen-
tation ear sounded more “muffled” than stimuli presented
from source locations ipsilateral to the presentation ear.

Multiple factors influence performance so that compari-
sons between the current results and previous monaural lo-
calization studies must be done carefully. One clear differ-
ence is that unlike in Slattery and Middlebrooks �1994�, the
subjects in this study do not exhibit a strong bias �i.e., the
intercepts of the best fitting lines are near zero�. Another
difference between the current results and previous monaural

cation tasks.

Normal hearing
Unilateral

impairment

NH1 NH2 NH3 UL1 UL2 UL3

0.91 0.91 0.78 0.90 0.72 0.61
−2.31 6.77 2.22 4.97 −16.5 −8.74
25.8 32.4 37.7 27.5 47.9 50.4
26.3 33.4 37.2 26.5 38.3 45.5
30.3 31.7 37.0 34.7 53.8 47.4
23.6 31.7 38.5 25.7 54.1 55.7

16.0 21.7 24.2 17.0 34.7 34.8
17.4 22.0 21.0 16.6 27.6 31.8
21.0 24.0 28.8 28.2 46.2 36.6
13.0 20.6 25.8 13.6 38.0 37.2

0.97 0.77 0.69 0.91 0.89 0.76
0.55 −0.09 0.32 4.06 −4.92 −8.2
19.1 39.3 35.6 32.0 35.0 36.4
18.5 44.4 38.5 35.1 38.0 31.8
20.6 43.3 32.6 37.2 44.2 37.5
19.4 32.6 33.0 27.4 29.7 40.4

13.6 28.2 27.2 22.5 26.3 25.8
13.3 32.5 29.7 26.1 29.7 23.5
15.0 38.4 22.8 28.8 34.0 26.4
13.6 22.1 25.4 17.9 21.7 28.1
13-lo

ns

ns
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ns
localization studies relates to differences in performance for
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sources ipsilateral and contralateral to the presentation ear.
Slattery and Middlebrooks �1994� reported that performance
was better for ipsilateral locations. Wightman and Kistler
�1997� argued that the bias could account for the better per-
formance on the ipsilateral side. Further, performance calcu-
lated from the optimum use of the spectral profile �see Fig.
2� suggests that performance should be better for contralat-
eral locations. In the MAA task, performance was better for
contralateral locations, but in the AI task, there were no sub-
stantial differences in performance for sources ipsilateral and
contralateral to the presentation ear.

Another notable difference between the current results
and previous monaural localization studies is the lack of an
advantage associated with prolonged monaural experience
�Poon, 2006; Slattery and Middlebrooks, 1994�. The lack of
a difference in performance between the NH and unilateral-
impairment populations in this study is somewhat surprising.
One possibility is that the ability to perform a complex pro-
file analysis �not necessarily the analysis done by the unilat-
erally impaired in real world situations� is either equally use-
ful �or not useful� for both binaural and monaural listeners or
rapidly learned. It may also be that the benefits of the chosen
paradigm �instructions, familiarization, cueing, feedback,
and stimuli� are greater for normal-hearing subjects. Addi-
tionally, the use of nonindividualized HRTFs in a highly con-
trolled laboratory task �e.g., fixed spectrum and virtual
anechoic space� may have negated any advantages that the
unilateral-impairment subjects have from prolonged monau-
ral experience. The unilateral-impairment subjects may per-
form better then NH subjects in real world localization �fa-
miliar sounds, head movement, and visual input�. Two of the
subjects with unilateral impairments �UL1 and UL3�, in fact,
reported that they believed that the task would be easier with
natural speech.

Understanding monaural localization abilities in more
realistic situations �e.g., random-spectrum stimuli and rever-
beration� is particularly important for CI users. For CI listen-
ers, the reported locations of fixed-spectrum sources in
anechoic space is poorly correlated with the actual location
�van Hoesel et al., 2002; van Hoesel and Tyler 2003; Lito-
vsky et al., 2004; Nopp et al. 2004; Poon, 2006�. In these
studies, the improvement from near-chance performance
with one implant to substantially better than chance perfor-
mance with two implants is interpreted as evidence of a bi-
lateral advantage. With the current paradigm and nonelectric
hearing, however, subjects were able to perform reasonably
well monaurally, about as well as listeners with bilateral CIs.
The localization performance of NH individuals �using only
one ear� and CI users �both unilateral and bilateral users� in
more realistic environments needs to be measured. The ex-
tent to which this difference in monaural localization perfor-
mance, between electric and nonelectric hearing, is a result
of the CI processing �or impairments to the auditory system
of CI listeners� or differences in the paradigm still needs to
be investigated.

It appears that subtle changes in the paradigm can have
measurable effects on performance. For example, the two
subjects that listened with their left ears �UL2 and UL3�

showed the most improvement between the 7-location
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�where the left-ear subjects performed worse than the right-
ear subjects did� and 13-location tasks �where both per-
formed the same�. The paradigm for the left-ear listeners
�specifically the incongruity between the cueing lights and
the source locations� may have been less intuitive and there-
fore led to worse initial performance. This is consistent with
the report by Hafter and Carrier �1970� in which a similar
incongruity decreased the binaural release from masking.
The concern about subtle changes in paradigm highlights the
need for care when discussing monaural localization perfor-
mance.

VI. SUMMARY

This work measured monaural performance in three lo-
calization tasks, all implemented with virtual stimuli and
nonindividualized HRTFs. The three tasks were an
azimuthal-angle discrimination experiment �MAA�, a
7-location azimuthal-angle AI experiment, and a 13-location
azimuthal-angle AI experiment. In general, conditions in the
experiments were arranged to maximize performance. Most
importantly, subjects were provided with correct-answer
feedback and requested to try to get the correct answer using
any useful cues. In addition, reference stimuli from the ex-
tremes of the range were provided in each trial of the iden-
tification experiments so that some context was maintained,
reducing the memory demands on the subjects. Subjects in
all experiments included both NH listeners and listeners with
large unilateral impairments. Unlike previous monaural lo-
calization studies, which generally focused on the perceived
location with no feedback provided, in the current experi-
ments, subjects were asked to report where they thought the
source was located rather than its perceived location, and
feedback was provided. With this paradigm, the measured
monaural AI performance was notably better than the near-
chance localization performance reported in some previous
experiments. Further, the response bias that is typically ob-
served in such experiments was absent. Finally, advantages
from long-term monaural experience were not observed;
both the NH and unilateral-impairment listeners performed
similarly on these tasks. The current results demonstrate that
the paradigm can influence performance significantly, and
considerable care is required in the interpretation of the abil-
ity to identify the location of a sound source when listening
with a single ear.
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1The HRTFs used were obtained from the database of Algazi et al. �2001�.
There is no reason to suspect that results would have been different if
KEMAR HRTFs from the Gardner and Martin �1995� database or the data
reported in Shaw and Vaillancourt �1985� were used to process the stimuli.

2
The cueing intervals provide no additional information and therefore do
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not affect the ideal observer. The cues, however, can act as perceptual
anchors and may greatly aid the subjects �Braida et al., 1984�.

3Subject NH1 had substantial exposure to the stimuli and tasks during pilot
listening, and subjects NH2 and UL1 had some exposure during pilot
listening.
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