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ABSTRACT 

Human listeners can learn to discriminate between sounds that are 
initially indistinguishable.  To better understand the nature of this 
learning, we have been using behavioral techniques to examine 
training-induced improvements on basic auditory discrimination 
tasks.  Here we report how multiple-hour training differentially 
affects the discrimination of sound frequency, intensity, location, 
and duration, and how learning on a given discrimination 
condition generalizes, or fails to generalize, to stimuli not 
encountered during training.  We discuss how these data 
contribute to our understanding of discrimination learning and of 
the mechanisms underlying performance on particular trained 
tasks, and explore the implications of this learning for the design 
and evaluation of auditory displays. 
 

1. INTRODUCTION 

Relatively little is known about how practice influences the 
performance of human adults on basic auditory discrimination 
tasks.  We are interested in this issue because auditory learning 
provides a window into the mechanisms underlying performance 
on the trained task, and into the learning process itself [1].  
Among other benefits, a greater understanding of these issues will 
help guide the search for the physiological substrates of learning, 
and aid the development of perceptual training schemes. 

With these motivations, we examined learning using simple, 
pure-tone stimuli, on five basic auditory discrimination tasks: 
frequency, intensity, interaural-time-difference (ITD), interaural-
level-difference (ILD), and duration [2].  Our overarching 
questions were (1) can listeners improve their ability to 
discriminate stimuli along each of these dimensions with practice, 
and if so, (2) does this learning generalize to the trained 
discrimination performed with untrained stimuli?  Because we 
used the same basic format for all five experiments, any 
differences in the learning patterns across these trained 
discriminations likely reflect differences in the plasticity of the 
underlying mechanisms.  Here we report the influence of training 
on discrimination thresholds assessed by comparing the mean 
proportional improvements on trained and untrained conditions 
between listeners who were, and those who were not, given 
multiple-hour practice on a single discrimination condition.  
Learning on these five tasks followed one of two general patterns.  
For ITD and intensity discrimination, additional practice did not 

lead to greater learning than that seen in untrained listeners.  In 
contrast, for ILD, duration, and frequency discrimination, such 
practice yielded greater learning, but only on a subset of 
conditions.  The implications of these learning patterns for the 
design and evaluation of auditory displays are discussed. 

2. GENERAL METHOD 

The format was the same for each of the five experiments [1, 2].  
At the beginning of each experiment, we gave a group of naïve 
listeners a pretest during which we measured their discrimination 
thresholds for tonal stimuli on six conditions.  We collected five 
threshold estimates per condition (300 trials) over the course of a 
single ~2.5 hour session.  We then divided the listeners into two 
groups.  One group, referred to as trained listeners, received 
training on one of the conditions from the pretest.  This training 
consisted of 12-15 threshold measurements per day (720-900 
trials, ~ 1 hour), for 6 to 10 days.  The other group, referred to as 
control listeners, received no training.  Finally, at the end of the 
training phase, we retested all listeners on a posttest that employed 
the same conditions as the pretest.  We randomized the condition 
order in the pre- and posttests across listeners, but each listener 
received the conditions in the same order for both of these tests.  
All stimuli were digitally generated and presented over 
headphones. 

We measured the discrimination thresholds using an adaptive, 
two-interval, forced-choice procedure.  We adjusted the signal 
level within each 60-trial block using the three-down/one-up rule 
to estimate the 79% correct point on the psychometric function 
[3].  All listeners received visual feedback as to whether each of 
their responses was right or wrong throughout the entire 
experiment.   

Here we assessed learning based only on the mean changes in 
threshold values, computed as the proportional improvement for 
each listener:  [(pretest threshold - posttest threshold)/pretest 
threshold].  The advantage of this calculation is that it normalizes 
data for which starting values vary across listeners and/or 
conditions. Note that this measure emphasizes the amount of 
change relative to the starting value, rather than the absolute 
magnitude of threshold change. 

We analyzed the proportional-improvement scores for each 
experiment using a 2 group (trained vs. control) x n condition 
analysis of variance, in which each included condition (n= 3 to 5) 
employed the same discrimination task with a different standard 
stimulus (described for each experiment, below).  We did not use 
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repeated measures on condition in these analyses because the 
number of listeners sometimes differed across conditions.  When 
there was a significant group x condition interaction, we used t-
tests to compare the scores of the trained and control listeners 
separately for each condition.  If the proportional-improvement 
score of the trained listeners was greater than that of controls on 
the trained condition, we concluded that the trained listeners 
learned on the trained condition during the training phase.  If that 
score was greater for the trained than control listeners on an 
untrained condition, we concluded that the trained listeners 
generalized their training-phase learning to that condition.  We 
used an alpha value of 0.05 for all analyses.    

3. RESULTS 

We observed two different general learning patterns across the 
five discrimination conditions.  In the first pattern, listeners who 
were trained for 6-10 hours showed no more improvement than 
controls who participated only in the 2.5-hour pre- and post-tests.  
This pattern occurred for learning on ITD and intensity 
discrimination, based on our mean data.  In the second pattern, 
listeners who received multiple-hour training improved more than 
controls on the condition on which they were trained, and 
generalized their learning to untrained stimuli that differed from 
the trained condition along some dimensions, but not to others.  
This pattern occurred for ILD, duration, and frequency 
discrimination. 

3.1. Trained learning equal to control learning 

Trained listeners learned no more than controls on both ITD and 
intensity discrimination.  In the ITD-training experiment (Fig. 1; 
[4]), trained listeners practiced discriminating the lateral position 
of a standard stimulus of 300-ms, 0.5-kHz tones presented to both 
ears at 70 dB SPL with an ITD of 0 µs from a signal stimulus that 
differed from the standard only in that the ITD favored the right 
ear.  In the untrained conditions, the standard differed from that in 
the trained condition either only in location (150-µs ITD vs. 0-µs 
ITD), frequency (1 kHz vs. 0.5 kHz), or interaural cue (ILD vs. 
ITD), or in both the frequency and cue (4 kHz, ILD vs. 0.5 kHz, 
ITD).  The mean proportional-improvement scores did not differ 
between the trained and control listeners (main effect for group, 
p=0.095; group x condition interaction, p=0.239).  However, 
listeners did learn, because, on each condition, the combined 
scores o/f both groups were always greater than zero (based on 
95%-confidence intervals). 

 
Figure 1. Threshold proportional-improvement scores for 

ITD discrimination for the trained (left-most) and 
untrained conditions.  Results are shown for the trained 
(black bars) and control (white bars) listeners.  Error 
bars indicate one standard error of the mean.   (Data 

from [4]). 

 In the intensity-training experiment (Fig. 2; [5]), the trained 
condition employed a standard of two 15-ms, 1-kHz, tone pips 
whose onsets were separated by 100 ms, presented to both ears 
with an ITD of 0 µs at 76 dB SPL.  The listener's task was to 
discriminate this standard from a signal of greater intensity.  We 
chose this particular standard because we previously had used a 
very similar one to train both duration and frequency 
discrimination (see below).  Here, the untrained conditions 
differed from the trained one only in the standard stimulus level 
(46 or 91 dB SPL vs. 76 dB SPL), frequency (4 kHz vs. 1 kHz), 
duration (temporal interval between tone pips, 50 ms vs. 100 ms) 
or location (200 µs vs. 0 µs).  As for ITD discrimination, the mean 
proportional-improvement scores did not differ between the 
trained and control listeners (main effect for group, p=0.684; 
group x condition interaction, p=0.694), but listeners did learn, 
because, their scores combined across groups were greater than 
zero on each condition (based on 95%-confidence intervals).  
Thus, for both ITD and intensity discrimination, 6-10 hours of 
training yielded no greater reduction in threshold than did 
exposure to only the 2.5-hour pre- and posttests.  For each 
discrimination task, this learning was relatively uniform for all 
stimuli. 

 
 Figure 2. Same as Fig. 1, but for intensity 
discrimination [5]. 
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3.2. Trained learning greater than control learning 

In contrast to the learning patterns for ITD and intensity 
discrimination, trained listeners learned more than controls on 
ILD, duration, and frequency discrimination and generalized their 
learning only to task-dependent subsets of untrained conditions.  
In the ILD-training experiment (Fig. 3; [4]) the standard in the 
trained condition consisted of 300-ms, 4-kHz tones presented to 
both ears at 70 dB SPL, and the signal differed from the standard 
only in that the ILD favored the right ear.  The untrained 
conditions differed from the trained one only in the standard 
location (6-dB ILD vs. 0-dB ILD) or frequency (0.5 kHz or 6 kHz 
vs. 4 kHz), or in both the frequency and cue (0.5 kHz, ITD vs. 4 
kHz, ILD).  Here, the control listeners improved on all conditions 
(based on 95%-confidence intervals).  However, the trained 
listeners learned more than controls (group x condition 
interaction, p=0.008), but only on the trained condition (p <0.001) 
and the untrained location (6-dB ILD; p= 0.036) and not on the 
untrained frequencies or the ITD cue.   
 

 
Figure 3. Same as Fig.1, but for ILD discrimination (Data 
from [4]). 

 
We examined learning on duration discrimination (Fig. 4; [6, 

7]) using a monaural presentation of essentially the same standard 
as in the intensity-training experiment (described above).  The 
listener's task was to discriminate the standard from a signal in 
which the two tone pips were separated by a longer temporal 
interval.  The untrained conditions differed from the trained one 
only in the standard frequency (4 kHz vs. 1 kHz) or duration (200 
or 500 ms vs. 100 ms).  In this case, the controls did not improve 
on any condition (based on 95%-confidence intervals).  The 
trained listeners learned significantly more than controls (group x 
condition interaction, p=0.026) on the trained condition (p=0.002) 
and the untrained frequency (4 kHz, p<0.001), but not on the 
untrained durations.  

 
Figure 4. Same as Fig.1, but for duration discrimination 
(Data from [6,7]) 

 Finally, to examine learning on frequency discrimination 
(Fig. 5; [7]), we trained listeners with the same standard as in the 
duration-training experiment but required them to discriminate 
that standard from a signal of lower frequency.  In the two 
untrained frequency-discrimination conditions, the standard 
differed from that in the trained condition only in its duration 
(temporal interval between tone pips, 50 ms vs. 100 ms) or 
frequency (4 kHz vs. 1 kHz).  Here, controls improved for the 4-
kHz, but not the two 1-kHz stimuli (based on 95%-confidence 
intervals).  The trained listeners improved more than controls 
(group x condition interaction, p=0.024), but, surprisingly, not on 
the trained condition (p = 0.129).  However, there appears to have 
been training-induced learning, because the trained listeners 
learned more than controls on the untrained duration (p=0.01).  
This learning did not generalize to the untrained frequency.  
 

 
Figure 5. Same as Fig. 1, but for frequency discrimination 
[7] 

 
Thus, for ILD, duration, and frequency discrimination, 9-10 

hours of training yielded greater threshold improvements than did 
exposure to only the 2.5-hour pre- and posttests.  Further, this 
training-induced learning generalized to some untrained stimuli 
but not others, and did so in a pattern unique to each trained 
discrimination task.  For ILD discrimination, learning generalized 
to an untrained location, but was specific to the trained frequency 
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and cue.  For duration discrimination, learning generalized to an 
untrained frequency, but was specific to the trained duration. 
Finally, for frequency discrimination, learning generalized to an 
untrained duration, but was specific to the trained frequency.   

4. DISCUSSION 

4.1. Two Types of Discrimination Learning 

From the present results, it appears that improvements on basic 
auditory discrimination tasks result from two different types of 
learning, that this learning affects task-specific processing 
mechanisms, and that these mechanisms are not equally malleable.  
The threshold improvements on ITD and intensity discrimination 
may reflect primarily conceptual or procedural learning.  In both 
instances, control listeners improved on all conditions with 
exposure only to the pre- and posttests.  We, and others, have 
proposed that such rapid and general learning reflects the 
acquisition of the general procedures needed to perform the task, 
and as such does not result from fundamental changes in stimulus 
processing [4, 8, 9].  By this account, learning on ITD and 
intensity discrimination is primarily procedural, because 
additional training did not benefit listeners on these tasks.  This 
lack of training-phase learning may have occurred either because 
these discriminations are already over-learned, or because the 
mechanisms that govern them are relatively inflexible.   

In contrast, the threshold improvements in ILD, 
duration, and frequency discrimination may largely result from 
perceptual or stimulus learning.  In these cases, control listeners 
improved on some tasks, suggesting procedural learning.  
However, additional training always resulted in greater 
improvements on a subset of stimuli.  Such slow and stimulus-
specific learning may reflect fundamental changes in stimulus 
processing [4, 8, 9].  By this view, the different generalization 
patterns for the different tasks indicate both that training affected 
separate mechanisms for the different discriminations, and that 
these mechanisms are organized in different ways.  Training 
modified a mechanism that, (1) for ILD discrimination, processes 
multiple locations, but only the ILD cue with the trained 
frequency, (2) for duration discrimination, processes multiple 
frequencies, but only the trained duration, and (3) for frequency 
discrimination, processes multiple durations, but only the trained 
frequency. Others have reported results for auditory duration [10] 
and frequency [11, 12, 13] discrimination that are consistent with 
this interpretation.  Further, training-induced learning on duration 
discrimination has also been shown to be specific to the trained 
duration in the somatosensory system [14], and to generalize from 
the somatosensory to auditory [14], and from the auditory to 
motor [15] systems, suggesting that training on duration 
discrimination affects a multi-system timing mechanism that 
processes different durations separately. 

4.2. Discrimination Learning and Auditory Displays  

For a designer of auditory displays, the primary take-home 
messages here are that practice can: (1) improve a listener’s ability 
to discriminate small variations along a variety of acoustic 
dimensions, (2) affect the discriminability of some dimensions 

(ILD, frequency, duration) more than others (ITD, intensity), and 
(3) enhance the perception along the trained dimension for some, 
though not all, stimuli not encountered during training, even when 
those stimuli are not auditory (see previous paragraph). 

A given display is most likely to induce such discrimination 
learning along a particular dimension if, like in the present 
experiments, it requires the listener to actively distinguish stimuli 
along that dimension, and gives examples of, and feedback for, 
that discrimination. Active discrimination of stimuli along the 
dimension of interest appears to be important because listeners 
trained to discriminate stimuli along one acoustic dimension 
rarely generalize their learning to discriminations along untrained 
dimensions.  For example, learning on a duration-discrimination 
task yielded no improvement on a frequency-discrimination task 
that employed the same standard stimulus [7].  It also appears that 
improvements at threshold may be aided by an initial exposure to 
clearly discriminable stimuli, which presumably instructs the 
listener of the discrimination task to be performed [16].  Finally, 
improvements in discrimination may also be facilitated by 
receiving some form of feedback about performance.  Supporting 
this idea, cortical changes in response to passively perceived 
sounds only occurred in rats when stimuli were paired with 
electrical stimulation of a brain structure that indicates the 
behavioral relevance of stimuli [17]. 

Assuming these learning circumstances are provided, it 
appears that a display may induce learning regardless of the initial 
discriminability of the stimuli it employs.  If a display includes 
many stimuli that are initially difficult to discriminate, as in the 
present experiments, we can infer that use of the display would 
yield learning and generalization patterns similar to those reported 
here.  This situation may occur in more displays than might be 
assumed initially, because we have observed that the 
discrimination thresholds of naïve listeners are frequently 2 to 4 
times higher than the thresholds reported in the literature.  
Further, improvements in the ability to distinguish stimuli that 
initially are barely discriminable, like here, appear to enhance the 
saliency of differences between stimuli that can already be 
distinguished.  Supporting this idea, listeners who reduced their 
discrimination thresholds through training were subsequently 
more accurate at labeling individual suprathreshold stimuli, than 
untrained listeners [18]. We do not know whether listeners would 
show the same patterns if presented with a display that only 
contains stimuli that are already relatively easy to discriminate.  
However, providing indirect evidence that this might be the case, 
listeners trained to attach one of two labels to individual stimuli--
the majority of which could be easily labeled--subsequently 
showed the same learning and generalization for stimuli that were 
initially indistinguishable as did listeners trained to discriminate 
those near-threshold stimuli [19].   

5. SUMMARY AND CONCLUSIONS 

In summary, a systematic examination of learning on five basic 
auditory discrimination tasks, assessed by threshold reductions, 
revealed two different learning patterns.  Improvements on ITD 
and intensity discrimination were rapid and general, and therefore 
appeared to reflect procedural learning.  Improvements on ILD, 
duration, and frequency discrimination were slow and stimulus 
specific, and, as such, appeared to arise from stimulus learning.  
Overall, the present results indicate that learning affected a 
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different mechanism for each trained task, and that these 
mechanisms differ in their plasticity as well as their organization. 

While much remains to be discovered about the forces that 
drive auditory discrimination learning, it is clear that learning 
could affect the perception of many auditory displays.  In most 
cases, this learning would simply increase the distinctiveness of 
the various stimuli in the display.  These potential increases in 
saliency should be kept in mind when initially evaluating a 
display, because the perception of the display may differ between 
naïve and experienced listeners.  Finally, discrimination learning 
could also be exploited by specifically designing displays to 
induce it, for example, to help treat clinical disorders [20]. 
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