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A

listener who determines the position of a singing bird
concealed among tree leaves, a jet passing overhead hidden
by clouds, or a car approaching from behind, does so by using
several auditory cues to the location of sound sources. Here we
report the results of two investigations into how practice influences the ability of human listeners to discriminate small differences in each of two of these cues, interaural level differences
(ILDs) and interaural time differences (ITDs).
In humans, the horizontal location, or azimuth, of sound
sources is computed from differences in the information that
arrives at the two ears. At frequencies above about 1.5 kHz,
listeners determine sound azimuth primarily from sensitivity to
differences in sound level at the two ears. These interaural level
differences occur because the head forms a sound barrier
between the two ears, so sounds are attenuated at the ear farthest
from the source relative to the ear nearest to the source (1, 2).
At frequencies below about 1.5 kHz, listeners determine sound
azimuth primarily from sensitivity to differences in the arrival
time of the sound at the two ears. These interaural time
differences arise because there is distance between the two ears,
so sounds reach the ear nearest to the sound source first and the
other ear later (1, 2). For sound durations greater than about 150
ms, listeners are far more sensitive to differences at the two ears
in the ongoing fine time structure of the sound than in the onset
time of the sound (3, 4). These ongoing time differences are
equivalent to interaural phase differences (IPDs) for tonal
stimuli, but will be referred to as ITDs in this paper.
There have been many investigations into whether human
listeners can learn to improve their ability to locate or discriminate the spatial position of sound sources. The goal of most of
these experiments was to determine whether listeners could
learn to adapt to altered sound-localization cues (5–14). These
studies addressed the issue of whether listeners can learn to
associate modified cue values with correct locations. Only a few
www.pnas.org兾cgi兾doi兾10.1073兾pnas.211220498

investigators have examined the simpler question of whether
listeners can improve their ability to locate or discriminate
sound-source positions represented by normal, unaltered cues.
These experiments reported how practice affected the ability of
listeners to use binaural (15, 16) and monaural (17, 18) localization cues in a localization task, or to discriminate binaural ILD
or ITD cues in precedence-effect (19, 20) or masking-leveldifference (21, 22) tasks. However, to date, there has been no
systematic investigation of, or comparison between, the patterns
of learning and generalization of the discrimination of ILD and
ITD cues in basic ILD- and ITD-discrimination tasks. We chose
to examine these issues because of their potential to provide
insight into the human encoding of ILDs and ITDs and the
relative plasticity of these cues.
Our primary goals were to determine whether multihour
training helps listeners learn to improve their ability to discriminate changes in ILDs or ITDs, and if so, to determine whether
that learning generalizes to untrained conditions. Toward this
end, we gave naive listeners 9 h of practice on ILD or ITD
discrimination in one single stimulus condition, and then tested
them on a variety of untrained conditions. Each condition had
three characteristics: the type of interaural cue that was manipulated (ILD or ITD), the standard value of that cue, and the
frequency of the tonal stimulus. We varied each of those
characteristics independently to determine whether learning
generalized from the trained to untrained versions of that
specific characteristic. To independently control the ILD and
ITD cues, we presented all of the stimuli over headphones.
Under such conditions, the location of the sound image appears
to be within the listener’s head at a lateral position between the
ears that is determined by the values of the ILD and ITD cues.
Materials and Methods
Task. On each trial, we presented two digitally generated tones of

the same frequency, one to each ear, in each of two visually
marked observation periods. In one observation period, we
presented the tones with a fixed ILD or ITD, referred to as the
standard. In most conditions, the standard ILD was 0 dB and the
standard ITD was 0 s, so the sound image was located on or
near the median plane. In the other observation period, we
presented the tones with a comparison ILD or ITD equal to the
standard ILD or ITD plus a variable ⌬ILD or ⌬ITD. The ⌬ILD
or ⌬ITD always favored the right ear. The comparison ILD or
ITD occurred randomly in either the first or the second observation period. The listener indicated which of the two observation periods contained the comparison by pressing a key on a
computer keyboard. We indicated visually whether the response
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Two of the primary cues used to localize the sources of sounds are
interaural level differences (ILDs) and interaural time differences
(ITDs). We conducted two experiments to explore how practice
affects the human discrimination of values of ILDs and ongoing
ITDs presented over headphones. We measured discrimination
thresholds of 13 to 32 naive listeners in a variety of conditions
during a pretest and again, 2 weeks later, during a posttest.
Between those two tests, we trained a subset of listeners 1 h per
day for 9 days on a single ILD or ITD condition. Listeners improved
on both ILD and ITD discrimination. Improvement was initially
rapid for both cue types and appeared to generalize broadly across
conditions, indicating conceptual or procedural learning. A subsequent slower-improvement stage, which occurred solely for the ILD
cue, only affected conditions with the trained stimulus frequency,
suggesting that stimulus processing had fundamentally changed.
These different learning patterns indicate that practice affects the
attention to, or low-level encoding of, ILDs and ITDs at sites at
which the two cue types are processed separately. Thus, these data
reveal differences in the effect of practice on ILD and ITD discrimination, and provide insight into the encoding of these two cues to
sound-source location in humans.

was correct or incorrect after every trial throughout the experiment. The comparison ILD or ITD varied adaptively across
trials to determine the ⌬ILD or ⌬ITD needed to discriminate the
comparison from the standard (see Procedure).
Organization of Experiments. We collected data in two experiments referred to as the ILD-training and ITD-training experiments. Both experiments consisted of a pretest, a training phase,
and a posttest. In the pre- and posttests of each experiment, we
measured thresholds for ILD and ITD discrimination in every
listener in five conditions (listed in Fig. 2; three conditions were
common to both experiments). Each condition is denoted by the
type of interaural cue manipulated, the standard value of that
cue, and the frequency of the tones. For example, in the
condition ILD 0 dB at 4 kHz, the ILD was manipulated, the ILD
of the standard was 0 dB, and the tones were presented at 4 kHz.†
The training phase occurred between the pre- and posttests.
It consisted of 1 h of practice per day for 9 or 10 days in either
the ILD 0 dB at 4 kHz or the ITD 0 s at 0.5 kHz conditions.
Only a subset of randomly chosen listeners, referred to as trained
listeners, participated in the training phase. The remaining
listeners, referred to as control listeners, participated only in the
pre- and posttests. The pre- and posttests were separated by an
average of 14.4 days for both listener groups.
Stimuli. When the variable was ILD, we presented the tone to the

right ear at 70 dB sound pressure level (SPL) plus 0.5 times the
total ILD, and the tone to the left ear at 70 dB SPL minus 0.5
times the total ILD. This technique helped to keep the perceived
overall level of the sound image constant across different ILDs.
In all ILD conditions, we presented the tones to both ears in the
same starting phase (ITD ⫽ 0 s), but chose the starting phase
at random in each observation period.
When the ITD was varied, we turned the tones to both ears on
and off together, but adjusted the starting phase of each tone
such that the tone to the right ear led that to the left by an
ongoing time difference equal to the total ITD. The tone
presented to the right ear had a phase chosen at random on each
observation period and the tone to the left ear had a starting
phase determined by the ITD. In all ITD conditions, we presented the tones to both ears at 70 dB SPL (ILD ⫽ 0 dB).
In all conditions, the tones had a total duration of 300 ms,
including 10-ms rise兾fall ramps. There were 650 ms of silence
between the tones in the two observation periods.
Procedure. Within each 60-trial block, we adjusted the comparison ILD or ITD adaptively by decreasing its value after every
three consecutive correct responses and increasing its value after
each incorrect response. At its minimum, the comparison ILD or
ITD was equal to the standard ILD or ITD. We noted the values
at which the direction of change reversed from decreasing to
increasing or increasing to decreasing, referred to as reversals.
After discarding the first three reversals, we estimated the 79%
correct point on the psychometric function by taking the average
value of the remaining reversals (23). We based each estimate on
the average value of a minimum of four reversals, excluding the
first three reversals in each block. Throughout this paper, we
express threshold as the ⌬ILD or ⌬ITD needed to achieve 79%
correct discriminations.
For the ILD conditions, the step size was 0.5 dB until the third
reversal and 0.25 dB thereafter. The ⌬ILD at the start of each
block of trials was typically 6 dB in the pre- and posttests, and
2 dB above the threshold of the previous day in the training
the nominal standard ITD of 150 s, the ITD was indeed 150 s for all five control
listeners and for five of the eight trained listeners, but was 100 s for the remaining three
trained listeners (L9, L13, and L15).

†For
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phase. For the ITD conditions, the step size was 0.2 log10-ITD
units until the third reversal and 0.05 log10-ITD units thereafter
(24). The starting ⌬ITD was always 0 s, forcing the listener to
guess on the first trial. We encouraged listeners to focus on the
ILD or ITD cue by requiring them to mark the perceived lateral
position of the standard sound on a schematic diagram of a head
before beginning each condition, and to listen to sample trials in
which, by their own description, the lateral position of the sound
image changed.
We collected 5 blocks (300 trials) in each of the five conditions
during the pre- and posttests. Listeners completed all of the
blocks in one condition before proceeding to the next. We
randomized the order of the conditions across listeners, but used
the same order in both the pre- and posttests for any given
listener. We collected 12 blocks (720 trials) on each day during
the 9 to 10 days of the training phase. We combined the results
of the control listeners across the two experiments in each of the
three conditions common to both experiments.
Listeners. Thirty-two normal-hearing volunteers (22 females, 10
males) between the ages of 18 and 44 years (mean 21.5 years)
served as listeners. All were paid for their participation. None of
the listeners had previous experience in any psychoacoustic task.
There were 8 trained and 11 control listeners in the ILD-training
experiment, and a separate group of 8 trained and 5 control
listeners in the ITD-training experiment.

Results
Learning in the Trained Conditions. Our first goal was to determine

whether multihour training helps listeners to improve their
ability to discriminate ILDs or ITDs. Both trained and control
listeners learned on ILD as well as ITD discrimination, but
multihour training affected only ILD discrimination. In the
ILD-training experiment (Fig. 1 Upper Left), control listeners
improved significantly between the pre- and posttest in the
trained condition of ILD 0 dB at 4 kHz (t15 ⫽ 3.04, P ⫽ 0.008),
but ILD-trained listeners improved more than controls. Mean
thresholds did not differ significantly between groups on the
pretest (t22 ⫽ 1.67, P ⫽ 0.109), and were at the high end of the
range previously reported for naive or briefly trained listeners
(25–27). However, thresholds were significantly lower for trained
than control listeners on the posttest (t22 ⫽ ⫺3.03, P ⫽ 0.006).
Correspondingly, one-way ANOVAs with repeated measures
revealed statistically significant changes in performance over
sessions for trained listeners as a group, both with (F10,70 ⫽ 14.90,
P ⬍ 0.0001) and without (F8,56 ⫽ 8.09, P ⬍ 0.0001) the pre- and
posttest data.
Individually, a majority of the ILD-trained listeners showed
learning during the training phase (Fig. 1 Lower Left). We judged
that an individual listener had learned during the training phase
if the results of that listener showed a significant change in
threshold across training sessions according to a one-way
ANOVA, and yielded a significant negative slope when fitted
with a regression line (28). We set ␣ at 0.05 for both tests. Six of
the eight ILD-trained listeners (L1–L6) met these criteria.
In the ITD-training experiment both the trained (t7 ⫽ 4.33,
P ⫽ 0.0034) and control (t15 ⫽ 3.32, P ⫽ 0.005) listeners
improved significantly between the pre- and posttest in the
trained ITD 0 s at 0.5 kHz condition, but, in contrast to the
results of the ILD-training experiment, the ITD-trained listeners
learned no more than controls (Fig. 1 Upper Right). The pretest
thresholds of both groups were within the range previously
reported for naive or briefly trained listeners (25, 26). Here, the
ITD thresholds did not differ significantly between the trained
and control listeners on either the pretest (t22 ⫽ 1.85, P ⫽ 0.078)
or the posttest (t22 ⫽ ⫺0.76, P ⫽ 0.458). Note that the mean
learning curve is misleading. Performance for trained listeners
as a group changed significantly over sessions, as assessed both
Wright and Fitzgerald

Fig. 1. Learning in the trained conditions. Pretest, posttest, and trainingsession thresholds for the discrimination of ILDs (Left) and ITDs (Right) in the
trained conditions for trained (䊐) and control (Œ) listeners. Shown are the
group mean (Top) and individual (Bottom) thresholds. The error bars represent ⫾ one SEM across listeners (Top) and within listeners (Bottom). Two
300-ms tones at the indicated frequencies (4 kHz or 0.5 kHz) were presented
either with the indicated standard value of interaural difference (0 dB or 0 s)
or with a larger value that favored the right ear. Threshold is expressed as the
difference in the values necessary to discriminate the larger from the standard
values on 79% of trials.

with (F10,70 ⫽ 6.05, P ⬍ 0.0001) and without (F8,56 ⫽ 3.65, P ⫽
0.002) the pre- and posttest data. However, only two of the eight
ITD-trained listeners showed significant learning during the
training phase (Fig. 1 Lower Right; L9 and L10).
Generalization to Untrained Conditions. Our second goal was to

determine whether learning on trained ILD or ITD conditions
generalizes to untrained conditions. To assess generalization, we
placed the ILD and ITD results on the same measurement scale
by converting the pre- and posttest thresholds to z scores. We
calculated z scores for both the pre- and posttests for each
listener in each condition relative to the mean and standard
deviation of the pretest thresholds measured in all listeners, both
trained and control. We then analyzed the z scores separately for
each experiment by using a 2 ⫻ 2 ⫻ 5 ANOVA on group (trained
vs. control), time (pre vs. post), and condition, with repeated
measures on time. Because the number of control listeners often
differed across conditions, we did not use repeated measures on
condition in these analyses. We further analyzed significant
interactions with t tests (29).
Both trained and control listeners improved on every ILD
condition, but the ILD-trained listeners generalized their training-phase learning, if at all, only to an untrained standard cue
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value (6 dB) at the trained frequency (4 kHz) (Fig. 2 Upper). The
ANOVA revealed a significant main effect for time (F1,100 ⫽
154.24, P ⬍ 0.0001) and significant interactions between time
and group (F1,100 ⫽ 27.87, P ⬍ 0.0001) and among time, group,
and condition (F4,100 ⫽ 3.15, P ⫽ 0.018). Both ILD-trained and
control listeners improved significantly between the pre- and
posttests in every condition (paired t tests, every P value ⬍
0.026). Most importantly, the pre- and posttest z scores differed
significantly between the groups in only two cases: (i) the posttest
z scores were smaller for the trained listeners in the trained
condition of ILD 0 dB at 4 kHz (t22 ⫽ ⫺3.03, P ⫽ 0.006), and
(ii) the pretest z scores were larger for the trained listeners in the
untrained condition of ILD 6 dB at 4 kHz (t17 ⫽ 2.82, P ⫽ 0.012).
Thus, at the time of the posttest, the ability of the ILD-trained
listeners differed from controls only in the trained condition,
suggesting no generalization of their training-induced learning
to other conditions. However, if pretest thresholds are taken into
account, the overall magnitude of the improvement was also
greater for the trained than the control listeners in the one
untrained condition that used the trained frequency (ILD 6 dB
at 4 kHz), suggesting generalization to an untrained standard
value at the trained frequency. Note that, in that condition, the
similarity in the posttest z scores between trained and control
listeners occurred because 9 of the 10 lowest pretest thresholds
across all listeners belonged to controls. Trained listeners had
clearly lower posttest thresholds than those control listeners with
similarly high pretest thresholds (for individual data, see Fig. 3,
second row from top).
Both trained and control listeners also improved on every ITD
condition, but, in contrast to the ILD-trained listeners, the
ITD-trained listeners did not learn more than controls on any
condition (Fig. 2 Lower). Here the ANOVA revealed only a
significant main effect for time (F1,88 ⫽ 60.62, P ⬍ 0.0001), and
a significant interaction between time and condition (F4,88 ⫽
3.48, P ⫽ 0.011). The three-way interaction was not significant.
To further analyze the significant time-by-condition interaction,
PNAS 兩 October 9, 2001 兩 vol. 98 兩 no. 21 兩 12309
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Fig. 2. Generalization to untrained conditions. Mean pretest (open symbols)
and posttest (filled symbols) z scores for the five conditions tested in the ILD
training (Top) and ITD training (Bottom) experiments. Results are plotted for
the trained (squares) and control (triangles; same data plotted in both panels
for conditions common to both experiments) listeners. Error bars represent ⫾
1 SEM across listeners. Asterisks indicate significant differences between the
trained and control listeners on the pre- or posttest z scores. The number of
listeners tested (n) is listed for each listener group and condition.

Fig. 4. Relationship between pretest thresholds and the amount of learning
by individual listeners on the ITD conditions. Same as Fig. 3, but for the three
ITD conditions.

Fig. 3. Relationship between pretest thresholds and the amount of learning
by individual listeners on the ILD conditions. Pretest (abscissa) and posttest
(ordinate) thresholds for individual listeners (open symbols), and their group
means (filled symbols), in the four ILD conditions. Results are shown for the
ILD-trained (Left) and control (Right) listeners. We determined the linear
regression of y on x for each data set (dashed lines), excluding values (hourglasses) for which the pretest threshold was either more than two standard
deviations above or below the mean of all listeners, or was flagged by a
Leverage test (30) during the fitting process. The regression-line slope and
intercept, as well as the sample r2 and standard error of the estimate for the
fit (in parentheses), are listed in each panel. Asterisks indicate slopes that were
significantly different from zero.

we combined the scores of the trained and control listeners
within each condition. Listeners improved significantly between
the pre- and posttests in every condition (paired t tests, every P ⬍
0.011). The only difference between conditions was that the
posttest z scores were smaller for the ITD 0 s at 0.5 kHz than
the ILD 0 dB at 4 kHz condition (t24 ⫽ 2.43, P ⫽ 0.019).
Relationship Between Pretest Thresholds and the Amount of Learning
by Individual Listeners. To examine the relationship between the

pretest thresholds and the amount of learning in individual
listeners, we determined the linear regression of the posttest (y)
on the pretest (x) thresholds for each listener group and condition (Figs. 3 and 4). We excluded from all analyses values
(hourglasses) for which the pretest threshold was either more
than two standard deviations above or below the mean of all
listeners, or was flagged by a Leverage test, which helps identify
outliers in the independent variable space in regression analyses
(30). Multihour training on the trained ILD condition primarily
affected trained listeners whose pretest thresholds were high, but
only in conditions in which trained listeners learned more than
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controls (Fig. 3 Left, top two rows). In contrast, short-term
exposure to a variety of ILD conditions, such as that received by
the control listeners, affected listeners uniformly in each condition, regardless of their pretest thresholds (Fig. 3 Right). The
regression-line slopes were shallower for the ILD-trained listeners (ranging from 0.62 to ⫺0.89) than for the control listeners
(ranging from 0.85 to 0.98) in every ILD condition. However,
tests of the homogeneity of regression indicated that the regression-line slopes differed significantly between trained and control listeners only in the trained ILD 0 dB at 4 kHz condition
(Fig. 3, row 1; F1,20 ⫽ 7.46, P ⫽ 0.013) and the untrained ILD 6
dB at 4 kHz condition (Fig. 3, row 2; F1,14 ⫽ 10.89, P ⫽ 0.005).
In contrast, the influence of both multihour training on the
trained ITD condition and short-term exposure to a variety of
ITD conditions was only weakly related to the initial thresholds
in those conditions (Fig. 4). Here, there were no significant
differences in the regression-line slopes between trained and
control listeners in any condition.
Retention. Finally, we assessed the retention of learning 1 month
after the end of training, in five of the eight ILD-trained
listeners. Those listeners retained both their learning in the
trained condition and their generalization pattern. A 2 ⫻ 5
ANOVA on posttest time (original vs. 1 month) and condition,
performed on their z scores, revealed that neither main effect
nor the interaction was statistically significant. We obtained
no remeasured values from the listeners in the ITD-training
experiment.

Discussion
Different Time Courses of Learning for ILD and ITD Discrimination. The
present data show that the time course of learning is longer for
ILD than for ITD discrimination. The learning of ILD discrimination occurred in two stages. It began with a stage of rapid
improvement, demonstrated by the learning of control listeners,
and continued with a stage of slower improvement, demonWright and Fitzgerald

Rapid-Improvement Stage. Learning on interaural-cue discrimina-

tion during the rapid-improvement stage appears to generalize
broadly across conditions and thus may reflect procedural
learning. On average, control listeners learned uniformly during
the rapid-improvement stage on all conditions within each cue
type. We cannot determine the precise form of that learning
from the present data, because we randomized the order of the
pre- and posttest conditions across listeners. However, we now
have data that suggest listeners learned rapidly on the first ILDor ITD-discrimination condition and then immediately generalized their learning to subsequently tested conditions (J. A. Ortiz,
B.A.W., M.B.F. and J. Pillai, unpublished data.). Such rapid
learning with broad generalization has been termed conceptual
(31) or procedural (32) learning, because it appears to represent
the acquisition of the general procedural requirements of the
task without regard to the specific condition. Procedural learning is unlikely to result from fundamental changes in stimulus
processing of lateralization cues. Rather, when complete, procedural learning is more likely to provide an initial window into
the limits of that processing by naive listeners. By this account,
listeners showed rapid (procedural) learning on both ILD and
ITD discrimination because both tasks shared the same basic
requirements.

Slower-Improvement Stage. Learning on interaural-cue discrimination during the slower-improvement stage, which occurred
only for the ILD cue, was specific to the trained stimulus
frequency, but generalized to an untrained standard ILD value.
Others have noted that learning in tasks of sound lateralization
and localization was specific to the spectrum of the trained sound
(refs. 6, 18, and 21; for an exception see ref. 19). This frequencyspecific learning parallels the location-specific learning of many
visual and somatosensory tasks (e.g., refs. 33–35), because
stimulus frequencies in the auditory system and stimulus locations in the visual and somatosensory systems are all encoded
topographically on the receptor surfaces. Similarly, the generalization of learning to an untrained standard value is reminiscent of the generalization of improvements in visual stereoacuity
to untrained visual depths at the trained location (36), because
interaural and interocular cues are both encoded, by similar
mechanisms (37), through the convergence of information from
the two ears in the auditory brainstem or from the two eyes in
the visual cortex.
Slow learning with limited generalization has been termed
perceptual (31) or stimulus (32) learning, because it appears to
represent fundamental changes in the processing of specific
aspects of the trained stimulus. Here, these changes may have
influenced either the distribution of attentional weight given to,
or the low-level encoding of, stimuli with particular features. By
this account, that listeners showed slower (stimulus) learning on
ILD, but not on ITD discrimination, indicates that training can
modify the processing of unaltered pure-tone ILDs, but not of
ITDs, in adult listeners.
There are at least four potential explanations for why multihour training improved ILD but not ITD discrimination. One
possibility is that it was easier to learn ILD than ITD discrimWright and Fitzgerald

ination, because the ILD conditions used an easier testing
procedure. There is some evidence that easy, as opposed to
difficult, testing paradigms facilitate perceptual learning (38).
Here, at first glance, the testing procedure appears to have been
easier for the ILD than the ITD conditions. In each adaptive
track, listeners progressed from clearly audible to just detectable
differences in the ILD conditions, but from inaudible to just
detectable differences in the ITD conditions. However, we think
these small differences in testing procedures are unlikely to
account for the present results for three reasons. First, the
adaptive tracks yielded estimates of 79% correct detections in
both the ILD and ITD conditions. Thus, both condition types
were equally difficult. Second, listeners appear to have performed similar numbers of trials near their threshold values in
both the ILD and ITD conditions. The first adaptive-track
reversal occurred, on average, on the 14th of 60 trials for the
trained listeners in both the trained ILD and ITD conditions
(based on 13 randomly selected tracks per condition). Third, all
listeners heard clearly discriminable standard and comparison
ILDs or ITDs during sample trials before beginning each
adaptive track. Such experience is very similar to that which has
induced the onset of learning in difficult testing paradigms (38).
A second possible explanation for why there were traininginduced improvements on ILD but not ITD discrimination is that
listeners in our ILD-training experiment focused on a monauralintensity cue, whereas listeners in our ITD-training experiment
focused on the intended interaural cue. Because we did not
randomly vary the stimulus intensity within or across trials,
listeners could have based their discrimination performance in
the ILD conditions on a monaural-intensity cue rather than on
the intended ILD cue (39). No such alternative cue was available
in the ITD conditions. Therefore, the different learning patterns
for ILD and ITD discrimination may have resulted because
listeners were learning to perform markedly different (monaural
versus interaural) tasks.
Although this explanation is theoretically possible, we also
think it unlikely for three reasons. First, listeners reported using
a change in the lateral position of the sound image to perform
both the ILD- and ITD-discrimination tasks. Second, mean
thresholds for ILD discrimination are higher than those for
monaural intensity discrimination at 0.25 and 2 kHz (but not at
6 kHz), even when the overall stimulus level in the ILD tests is
not randomized (40). Thus, listeners appear to use the ILD cue
when it is present, even though their performance could be
better if they used the available monaural-intensity cue. Third,
the learning of intensity discrimination differs from that of ILD
discrimination. We have preliminary data in which listeners
trained for 6 h (n ⫽ 6) showed no more improvement than
controls (n ⫽ 6) on intensity discrimination at 1 kHz (B.A.W. and
D. A. Abrams, unpublished data.). In contrast, our ILD-trained
listeners learned markedly more than controls on ILD discrimination at 4 kHz. Thus, it is unlikely that our ILD-trained
listeners exclusively used a monaural intensity cue. Alternatively,
the ILD-trained listeners may have initially used one cue, either
the ILD or monaural-intensity cue, and switched to the opposite
cue during training. In this scenario, ILD-discrimination learning would reflect a change in cue choice rather than in sensory
discrimination. It seems unlikely that such learning would follow
a smooth progression that was similar across all listeners, and
generalize to an untrained location but not untrained frequencies, as we observed.
A third, more likely, reason why multihour training affected
ILD but not ITD discrimination is that our adult listeners had to
learn to attend to the ILD cue, because they were already highly
practiced on, and thus readily attended to, the ITD cue. ITDs
appear to govern the perceived location of sounds, as long as
those sounds include frequencies below about 2 kHz (41–43).
Given that many everyday sounds, such as speech, include low
PNAS 兩 October 9, 2001 兩 vol. 98 兩 no. 21 兩 12311
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strated by the greater learning of trained than control listeners.
To our knowledge, this is the first systematic examination of the
learning of ILD discrimination. In contrast to ILD-discrimination learning, the learning of ITD discrimination generally
occurred within the initial rapid-improvement stage, demonstrated by the equivalent learning of trained and control listeners
in every ITD condition. The latter result is consistent with
several previous reports that performance based on unaltered
ITD cues does not change with long-term practice (20, 22), but
differs from other reports that such performance does improve
(19, 21).

at a level in the system in which sound location is determined by
the combined information available from all cues, because
changes there should affect the processing of ILDs and ITDs
equally.

frequencies, our experimentally naive listeners may have had
more experience with ITD-based, than ILD-based, localization.
Because localization and lateralization abilities are related (e.g.,
ref. 44), our listeners were likely already more practiced at ITD
than ILD discrimination in our lateralization task. Thus, the
frequency-specific learning of the ILD cue may reflect the
increasing ability of our listeners to attend selectively to that less
commonly used cue at the trained stimulus frequency. This
explanation is a variant of previous proposals that training
improves the accuracy of the memory for, or increases the
attention to, specific aspects of the trained stimulus (e.g., refs. 45
and 46; for reviews see refs. 47 and 48).
Finally, a fourth possible account for the demonstration of
training-induced learning for ILD, but not ITD, discrimination
is that our adult listeners had to modify the low-level stimulus
encoding of the trained cue, and could do so for ILDs, but not
for ITDs. The low-level encoding of ILDs and ITDs differs
markedly (e.g., ref. 37). ILDs are initially encoded in the lateral
superior olive primarily through excitatory inputs from the
ipsilateral and inhibitory inputs from the contralateral side. In
contrast, ITDs are initially encoded in the medial superior olive
primarily through coincidence detectors that receive excitatory
input from both the ipsilateral and contralateral sides. If training-induced learning reflects changes in low-level stimulus encoding (e.g., ref. 49), the presence of such learning for ILD, but
not ITD, discrimination would result from the differences in
their initial encoding. By this account, the encoding of ILDs, but
not ITDs, is malleable, suggesting that the balancing of excitation
and inhibition is more plastic than coincidence detection. Further, the specificity of ILD-discrimination learning to the frequency of the trained stimulus would indicate that the changes
in the encoding of ILDs occurred in frequency-specific channels.
It is worth noting that encoding changes probably do not occur
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Conclusions
These data demonstrate differences in the relative plasticity of
the processing of each of two interaural cues to sound-source
location: interaural level differences (ILDs) and interaural time
differences (ITDs). On our discrimination task, conceptual or
procedural learning occurred for both cue types, but perceptual
or stimulus learning occurred only for the ILD cue. Thus,
whereas procedural learning may have tapped the same processing site for the ILD and ITD cues, stimulus learning appears
to have differentially affected sites at which ILDs and ITDs are
processed separately. Furthermore, the stimulus learning on
ILD discrimination was specific to the frequency of the trained
sound, but not to its standard lateral position. This generalization pattern indicates that the ILD-processing site modified by
multihour training with a single standard sound is organized by
frequency. That same site either is not organized by soundsource position or is organized by position but all positions are
affected uniformly by training. These experiments on discrimination learning thus provide insight into the human encoding of
cues to sound-source location.
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