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Abstract The acquisition of many perceptual skills
proceeds over a course of days. However, little is
known about how much daily training is needed for
such learning to occur. Here we investigated this ques-
tion by examining how varying the number of training
trials per day aVected learning over multiple days on
two auditory discrimination tasks: frequency discrimi-
nation and temporal-interval discrimination. For each
task, we compared improvements in discrimination
thresholds between diVerent groups of listeners who
were trained for either 360 or 900 trials per day for
6 days. Improvement on frequency discrimination
required >360 trials of training per day while learning
on temporal-interval discrimination occurred with 360
training trials per day, and additional daily practice did
not increase the amount of improvement. It therefore
appears that the accumulation of improvement over
days on auditory discrimination tasks may require
some critical amount of training per day, that training
beyond that critical amount yields no additional learn-
ing on the trained condition, and that the critical
amount of training needed varies across tasks. These
results imply that perceptual skills are transferred from
short- to long-term memory (consolidated) daily, but
only if a task-speciWc initiation requirement has been
met.

Introduction

Improvements in performance on many perceptual
tasks continue over multiple days of practice. For these
improvements to accumulate over days, the learning
attributable to each training session must be trans-
ferred from short- to long-term memory, a process
often referred to as consolidation (McGaugh 2000).
Most previous behavioral investigations of consolida-
tion have focused on when and how learning that
would normally be consolidated can be disrupted
(Brashers-Krug et al. 1996; Shadmehr and Brashers-
Krug 1997; Krakauer et al. 1999; Walker et al. 2003;
Caithness et al. 2004; Seitz et al. 2005). In contrast, of
interest here are the requirements of the training itself
that are needed for consolidation to occur, in particu-
lar, the extent to which the amount of training per ses-
sion aVects the accumulation of improvements across
sessions. To our knowledge, this issue has received lit-
tle previous attention. However, two potential princi-
ples about how the training amount per day aVects
improvement across days can be inferred from a few
recent reports.

First, it appears that the participant may be required
to engage in at least some critical amount of training
within a day for performance to be better on a follow-
ing day. Supporting this idea are two recent reports in
which the improvements normally observed between a
single training session and a test session on a subse-
quent day did not occur when too few practice trials
were provided (Hauptmann and Karni 2002; Haupt-
mann et al. 2005). In these experiments, reaction times
on a letter-enumeration task were faster on the second
day than on the Wrst only when there was a critical
amount of training on the Wrst day.
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Second, it appears that additional training beyond
the critical amount may be superXuous. This idea arises
from the results of recent investigations showing that
increasing the number of training trials per day beyond
a minimum number that yielded improvement did not
augment learning. For multiple-day training, doubling
the amount of daily training did not increase the mag-
nitude of improvement in reaction times on a mirror-
reading task (Ofen-Noy et al. 2003) or on any of three
performance measures on a timed motor-sequence
task (Savion-Lemieux and Penhune 2005). Similarly,
providing two or more separate practice sessions on a
single day yielded no greater improvement than only
one practice session on either a visual texture-discrimi-
nation task (Karni and Sagi 1993) or a speech-identiW-
cation task (Roth et al. 2005).

Our primary aim was to test the possibility that
these two principles are general rules of skill acquisi-
tion by determining whether they would apply to a
diVerent learning situation. SpeciWcally, motivated by
the desire to establish the requirements for learning on
basic auditory perceptual tasks (Wright and Fitzgerald
2005), we wanted to know whether these principles
would apply to learning measured by improvements in
discrimination thresholds on auditory tasks trained
over multiple days. We also wanted to know whether
any observed critical daily training amount would be
task dependent and whether that amount could be pre-
dicted by within-session performance for the particular
tasks that we trained. Therefore, we examined how
varying the number of training trials per day (360 vs.
900) aVected the improvement over 6 days, as well as
within each day, on two auditory tasks using the same
standard stimulus and measurement paradigm for
both. For the tasks, we selected frequency discrimina-
tion (Fig. 1a) and temporal-interval discrimination
(Fig. 2a) because learning occurs over multiple days on
both of them (frequency-discrimination: Campbell and
Small 1963; Delhommeau et al. 2002; Demany 1985;
Grimault et al. 2003; Irvine et al. 2000; temporal-inter-
val discrimination: Karmarkar and Buonomano 2003;
Wright et al. 1997).

The results provide further evidence that improve-
ment over multiple days requires some critical amount
of training per day, and that training beyond that criti-
cal amount yields no additional learning on the trained
condition. They also reveal that the critical amount of
daily training can diVer across tasks even when the
standard stimulus is the same. Finally, they show that
the critical amount of training necessary for improve-
ment to accumulate across days appears to be indepen-
dent of the performance pattern within each session, at
least for the two tasks examined here.

Method

Organization of the experiment

The data for the four trained groups reported here
were all originally collected as part of a separate series
of experiments designed to investigate other issues. All
four groups participated in a familiarization session, a
pretest, 6–10 training sessions, and a posttest, each of
which occurred on separate, usually consecutive days.
In the familiarization session all listeners received 1 h
of practice on a variety of psychoacoustic tasks to
familiarize them with the laboratory setting and the
two-presentation, forced-choice procedure. During
that hour, detection thresholds were measured for tones
in quiet at 0.25, 0.5, 1, 2, 4, and 8 kHz, and for a 1-kHz
tone in forward- and backward-masking conditions. In
the pre- and posttests listeners completed Wve threshold
estimates (300 trials) on each of six conditions in a ran-
dom order (1,800 total trials). The six conditions
diVered slightly across groups, but all conditions
employed either a frequency (Fig. 1a) or temporal-
interval (Fig. 2a) discrimination task. During all of the
6–10 daily training sessions, listeners completed either
6 (360 trials) or 15 (900 trials) threshold estimates on a
single frequency or temporal-interval discrimination
condition from the pretest. Thus, there were a total of
four groups (2 daily training amounts £ 2 tasks).
Because the posttest occurred after diVerent numbers
of training days across the four trained groups, con-
trolled across-group comparisons of generalization to
untrained conditions were not possible. Therefore, we
chose to analyze only performance on the trained con-
dition as measured in the pretest, and in the subse-
quent 6 days of training (the greatest number of days
of training completed by all listeners).

Conditions and stimuli

In both trained conditions we presented two brief
tones in each presentation of a two-presentation,
forced choice trial. In the frequency-discrimination
condition, the two tones were separated by the same,
Wxed interval (t) in both presentations, but had a
standard frequency (f) in one presentation and a lower
comparison frequency (f ¡ �f) in the other. In the
temporal-interval condition, the two tones had the
same, Wxed frequency (f) in both presentations, but
were separated by a standard interval (t) in one
presentation, and by a longer comparison interval
(t + �t) in the other. The interval was measured from
the onset of the Wrst tone to the onset of the second
tone. The onsets of the initial tones in the Wrst and
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second presentations were separated by 900 ms. The
same standard stimulus (f = 1 kHz; t = 100 ms) was
used in both conditions.

The pretest conditions varied slightly across the
listener groups. The two groups who practiced 900 tri-
als/day completed identical pretests consisting of three
frequency-discrimination conditions (1 kHz, 50 ms; 1 kHz,
100 ms; 4 kHz, 100 ms) and three temporal-interval-

discrimination conditions (1 kHz, 50 ms; 1 kHz, 100 ms;
4 kHz, 100 ms). The pretest for the 360-trial/day
frequency-trained listeners was comprised of Wve
frequency-discrimination conditions (1 kHz, 50 ms; 1 kHz,
100 ms; 1 kHz, 200 ms; 4 kHz, 50 ms; 4 kHz, 100 ms) and
one temporal-interval-discrimination condition (1 kHz,
100 ms). Finally, for the 360-trial/day interval-trained lis-
teners, the pretest included six interval-discrimination

Fig. 1 Learning on frequency discrimination for two diVerent
training amounts per day. a Schematic diagrams of the stimuli in
the standard (left) and comparison (right) presentations in each
forced-choice frequency-discrimination trial. Analysis by day: b
Group mean frequency-discrimination thresholds (�f value need-
ed for 79.4% correct discriminations) as a function of the number
of sessions. Results are shown separately for listeners who prac-
ticed 360 trials/day (open triangles; n = 7) and those who prac-
ticed 900 trials/day (Wlled squares; n = 8). Error bars indicate §1
SEM. c Regression line slopes of daily mean thresholds versus the
log of the session number computed for each listener individually.
Results are shown separately for the two trained groups. Slopes
were adjusted to account for individual diVerences in pretest

threshold (equation in: Cohen 1988). In each boxplot, the box is
comprised of lines at the upper quartile, median, and lower quar-
tile values, and the whiskers extend from each end of the box to
the maximum and minimum values. Individual data points are
horizontally staggered for ease of viewing. Analysis by threshold
estimate: d Group mean frequency-discrimination threshold as a
function of threshold estimate number, plotted separately for
each group. e Regression line slopes of threshold estimate versus
the log of the threshold estimate number computed separately for
each listener individually. Results are plotted separately for the
two trained groups. Slopes were adjusted to account for individ-
ual diVerences in the Wrst threshold estimate
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conditions (1 kHz, 50 ms; 1 kHz, 100 ms; 1 kHz,
200 ms; 1 kHz, 500 ms; 4 kHz, 50 ms; 4 kHz, 100 ms).
Thus, the pretests for the two groups of frequency-
trained listeners shared three frequency-discrimination
conditions and one temporal-interval condition, and
diVered in the two remaining conditions. Likewise, the
pretests of the two interval-trained groups shared three
temporal-interval conditions, and diVered in the three
remaining conditions. For all four groups, the order of
the pretest conditions was counterbalanced across
listeners.

All sounds were generated digitally. Each 86 dB
SPL tone was presented in zero phase and had a total
duration of 15 ms, including 5-ms raised-cosine on/oV
ramps. The tone pips were generated using a digital-
signal-processing board [Tucker Davis Technologies

(TDT) AP2], passed through a 16-bit digital-to-analog
converter (TDT DD1), followed by an anti-aliasing
Wlter (8.5-kHz low-pass, TDT FT5), and an attenuator
(TDT PA4). The tone pips were then ampliWed (TDT
HB6) and presented over the left ear piece of Sennhe-
iser HD265 headphones in circumaural cushions.

Procedure

We estimated discrimination thresholds using an adap-
tive procedure with feedback. Listeners pressed a key
on a computer keyboard to indicate which of the two
randomly selected presentations contained the com-
parison sound (lower frequency or longer temporal
interval). A visual display indicated whether the
response was correct or incorrect after every trial
throughout the experiment. Threshold estimates were
calculated over blocks of 60 trials. The �f or �t
increased after one incorrect response, and decreased
after three consecutive correct responses. When �f or
�t changed from decreasing to increasing, or vice versa,
the value at which that change occurred was labeled a
reversal. The Wrst three reversals were discarded, and
the mean of the largest remaining even number of
reversals was computed. This procedure yielded the
value of �f or �t that the listener was successfully able
to discriminate on 79.4% of trials (Levitt 1971). We
refer to that value as the discrimination threshold.
Blocks that contained fewer than seven total reversals
were excluded from analysis. On the Wrst trial in a
block, the comparison frequency or temporal interval
was always equal to that of the standard, forcing the
listener to guess. The step size was large (5 Hz or
10 ms) until the third reversal, and small (1 Hz or 1 ms)
thereafter.

Listeners

Twenty-eight listeners (18 females) with a mean age
of 21 years (sd = 3) were paid for their participation.
All had normal hearing and no previous experience
with psychoacoustic tasks. All procedures were
approved by the Northwestern OYce for the Protec-
tion of Research Subjects. One listener in the 360
trial/day frequency-discrimination group whose pre-
test threshold was more than 2 standard deviations
above the mean of 90 listeners on the same condi-
tion was excluded from analysis. Therefore the
results reported are for 27 listeners: 360 trial/day
groups (frequency: n = 7; temporal-interval: n = 6),
900 trial/day groups (frequency: n = 8; temporal-
interval: n = 6).

Fig. 2 Learning on temporal-interval discrimination for two
diVerent training amounts per day. Same as for Fig. 1a–c, except
that the task was temporal-interval discrimination and there were
six listeners in each trained group. One listener in the 900 trial/
day group did not complete the entire session on training day 2.
Her data are excluded from the plots and analysis of learning over
a Wxed number of threshold estimates
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Results

Frequency discrimination

Number of training days Wxed

When the number of days of training was held con-
stant at six, listeners who practiced for 900 trials per
day showed signiWcant improvements in daily mean
thresholds on frequency discrimination while those
who practiced for 360 trials per day did not (Fig. 1b).
We Wrst examined the performance of the two fre-
quency-trained groups using the log-transformed
threshold means from the pretest and each of the
6 days of training for each of the listeners. These
means were based on 5 threshold estimates (60 trials
per estimate, 300 total trials) per listener for the pre-
test, and either 6 (360-trial/day) or 15 (900-trial/day)
estimates per listener for each training day in all of the
analyses. Mean thresholds changed signiWcantly over
days for the 900- [from 15.9 to 9.9 Hz; F(6,42) = 6.63,
P < 0.0001], but not for the 360- [from 22.2 to 18.3 Hz;
F(6,36) = 1.38, P > 0.05] trial/day listeners, according
to one-way analyses of variance with repeated mea-
sures performed separately for each group. Further,
the mean thresholds on Training Day 6 were signiW-
cantly lower for the 900- than the 360-trial/day listen-
ers even when those values were adjusted to take into
account individual diVerences in thresholds on the
pretest through an analysis of covariance
[F(1,12) = 9.39, P < 0.01]. We also Wtted regression
lines, separately for each listener, through the daily
mean thresholds against the log of the session number
(a power function). For the 900-trial/day group, the
slopes of these lines diVered signiWcantly from zero
[T(7) = 4.43, P < 0.01] and were negative, indicating
learning (Fig. 1c, right side). In contrast, the slopes of
the 360-trial/day group did not diVer signiWcantly from
zero [T(6) = 0.75, P > 0.05; Fig. 1c, left side]. The
slopes also diVered signiWcantly between the groups
even after using an analysis of covariance to adjust for
individual diVerences in pretest threshold
[F(1,12) = 10.14, P < 0.01]. Thus, the listeners who
received more practice per day improved over the
6 days of training while those who received less did
not improve. However, because both groups practiced
for the same number of days, the greater learning by
the 900- than the 360-trial/day listeners cannot be
attributed to the number of days of training. This
diVerence instead must arise primarily from either the
diVerence in the total number of training trials (5,700
compared to 2,460) or the number of training trials per
day (900 compared to 360).

Total number of training trials Wxed

To determine which of these two factors was key, we
reexamined the data using analyses parallel to those
used for the Wxed-days analyses above. However, here,
the dependent variable was the individual log-trans-
formed threshold estimate rather than the daily mean
estimate, and the total number of training trials, rather
than of training days, was held constant between the
two groups. The maximum number of threshold esti-
mates on which these comparisons could be made was
41, because that was the total number of estimates
from each 360-trial/day listener (5 estimates from the
pretest and 6 on each of the 6 training days). There-
fore, for these analyses, only the Wrst 41 estimates from
the 900-trial/day listeners (through the Wrst 6 estimates
on Training Day 3) were considered. We reasoned that
if the total number of trials, regardless of how they
were distributed across days, was crucial, the 900-trial/
day listeners should show no learning over the 41 esti-
mates, just like the 360-trial/day listeners. If, however,
the number of trials per day was important, then the
900-trial/day listeners should still show improvement.

Indicating that the key factor was the number of
training trials per day, the listeners who received more
practice per day improved, while those who received
less did not, even when the total number of training tri-
als was held constant between the groups. Performance
changed signiWcantly over the Wrst 41 estimates for the
900- [F(40,280) = 1.72, P < 0.01], but not for the 360-
[F(40,240) = 1.01, P > 0.05] trial/day listeners (Fig. 1d).
Even considering individual diVerences in the Wrst
threshold estimate, the 41st estimate was signiWcantly
lower for the 900- than the 360-trial/day listeners
[F(1,12) = 9.95, P < 0.01]. In addition, the regression-
line slopes of the 900-trial/day listeners diVered signiW-
cantly from zero [T(7) = 3.40, P < 0.05] and were nega-
tive, revealing improvement (Fig. 1e, right side), while
those of the 360-trial/day listeners did not diVer signiW-
cantly from zero [T(6) = 0.93, P > 0.05; Fig. 1e, left
side]. The slopes of the two groups, adjusted for diVer-
ences in the Wrst threshold estimate, also diVered sig-
niWcantly from each other [F(1,12) = 5.95, P < 0.05].
Thus, receiving a suYcient number of training trials per
day appears to have been crucial to learning on the
frequency-discrimination condition.

InXuence of the pretest

Even though the 360-trial/day and the 900-trial/day
listeners were exposed to diVerent sets of conditions
during the pretest (see Method), this diVerence had
little, if any, eVect on the improvement between the
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pretest and the Wrst day of training. Mean thresholds
on the trained frequency-discrimination condition
were signiWcantly lower on Training Day 1 than on the
pretest for the 360-trial/day [T(7) = 3.37, P < 0.05], but
not for the 900-trial/day [T(7) = 1.48, P > 0.05] listen-
ers. However, thresholds on Training Day 1 did not
diVer between the two groups when diVerences in pre-
test threshold were taken into account [F(1,13) = 0.015,
P > 0.05]. Thus, any inXuence of the diVerent mix of
pretest conditions for the two groups was fairly minor,
and favored the group that did not improve with multi-
ple-hour training.

In addition, removing the pretest from the analyses
had little eVect on the general conclusions. For the
between-group comparisons, omitting the pretest had no
eVect on the statistical outcomes for any of the by-day or
by-block analyses (using T1 thresholds as the covariate).
For the within-group analyses, three of the four results
that were statistically signiWcant with the pretest either
reached or approached signiWcance without it (all P
values < 0.085). The one exception was that the thresh-
olds of the 900-trial/day listeners did not change signiW-
cantly across the individual blocks [F(35,245) = 1.250,
P > 0.05]. The four non-signiWcant results remained so
without the pretest.

Within-session analyses

Neither trained group improved signiWcantly within the
daily training sessions. To determine whether learning
across the daily sessions was related to improvement
within the sessions, we reanalyzed the entire data set
with an emphasis on the pattern of the threshold esti-
mates obtained within the individual training sessions.
We Wrst examined performance separately for each
group with a two-way analysis of variance of the indi-
vidual threshold estimates (900: 15 estimates/day; 360:
6 estimates/day) £ 6 training days with repeated mea-
sures on day. There was no signiWcant main eVect for
estimate [900 trials/day: F(14,105) = 0.37, P > 0.05; 360
trials/day: F(5, 36) = 0.28, P > 0.05], and no signiWcant
day £ estimate interaction for either group [900 trials/
day: F(70,525) = 0.91, P > 0.05; 360 trials/day:
F(25,180) = 0.79, P > 0.05]. We also Wtted regression
lines through the (log-transformed) individual thresh-
old estimates against the log of the estimate number,
separately for each listener on each of the six training
days. The slopes diVered signiWcantly from zero, or
nearly so, and were negative only for the 900-trial/day
group on the fourth and Wfth training days. Further, on
the pretest, the individual threshold estimates did not
diVer signiWcantly from each other, and the slopes of
regression lines Wtted to those data did not diVer

signiWcantly from zero, for either group (all P > 0.41).
Thus, according to these analyses, improvement during
a training session was not necessary for learning across
sessions on the current frequency-discrimination con-
dition, because even the group that learned over the
course of days did not improve systematically within
the individual training sessions over the early training
days during which the between-session improvements
were greatest.

Temporal-interval discrimination

Number of training days Wxed

In contrast to the frequency-discrimination results, the
daily mean thresholds on temporal-interval discrimina-
tion improved signiWcantly over the six training days
for both the 360- and the 900-trial/day listeners. We
examined performance on the interval-discrimination
task using the same analyses as for the frequency-
discrimination task, but obtained quite diVerent
results. For the interval-discrimination task, mean
thresholds changed signiWcantly from the pretest through
the 6 days of training with both training regimens
[900 trials/day: from 23.1 to 10.7 ms; F(6,30) = 21.8,
P < 0.00001; 360 trials/day: from 25.5 to 12.2 ms;
F(6,30) = 18.84, P < 0.00001; Fig. 2b]. The mean
thresholds on Training Day 6, adjusted to take into
account individual diVerences in the pretest threshold,
did not diVer signiWcantly between the two groups
[F(1,9) = 0.14, P > 0.05]. Further, the regression-line
slopes were negative on average and diVered signiW-
cantly from zero for both the 900- [T(5) = 7.35,
P < 0.0001] and the 360- [T(5) = 8.78, P < 0.001] trial/
day listeners, and did not diVer signiWcantly between
the groups even when individual diVerences in pretest
threshold were taken into account [F(1,9) = 1.32,
P > 0.05; Fig. 2c]. Thus, with 6 days of training, listen-
ers who received less practice per day, and those who
received more, improved similarly. This result indi-
cates that 360 trials per day are suYcient for learning
on the trained interval-discrimination condition and
that additional training beyond 360 trials per day is
superXuous.

InXuence of the pretest

Including the pretest in the analyses had almost no
eVect on the conclusions about the inXuence of multi-
hour training on interval discrimination. The exposure
to diVerent sets of conditions on the pretest by the two
groups seemed to have, at most, only a minor inXuence
on the performance seen on Training Day 1. Mean
123
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thresholds were signiWcantly lower on Training Day 1
than on the pretest for both the 360-trial/day listeners
[T(5) = 4.13, P < 0.01], and the 900-trial/day group
[T(5) = 2.88, P < 0.05], and thresholds on Training Day
1 did not diVer between the two groups when adjusted
to take into account diVerences in pretest threshold
[F(1,9) = 0.383, P > 0.05]. Further, the same statistical
conclusions were reached for all of the by-day and by-
block analyses even when the pretest data were
removed.

Within-session analyses

Finally, neither trained group showed within-session
learning that was predictive of across-session improve-
ment. There was no main eVect for estimate (within-
day changes in threshold) for either group [900 trials/
day: F(14,60) = 0.50, P > 0.05; 360 trials/day:
F(5,30) = 0.24, P > 0.05]. However, for the 900-trial/
day listeners, there was a signiWcant day £ estimate
interaction [F(70,300) = 1.35, P < 0.05]. Analysis of this
interaction revealed that thresholds only diVered
across estimates on the Wrst day of training. In addition,
the regression-line slopes within sessions diVered sig-
niWcantly from zero and were negative only on the Wrst
day of training for the 900-trial/day listeners. This iso-
lated within-session learning appears to have had little
eVect on overall improvement, because both trained
groups improved equivalently over the 6 days of train-
ing. There also were no statistically signiWcant results
on the pretest for either group, either across the indi-
vidual threshold estimates, or in evaluations of
whether the slopes of regression lines Wtted to those
data diVered from zero (all P > 0.15). Thus, learning
during a training session was not necessary for
improvement between sessions on this interval-dis-
crimination condition.

Discussion

The current results are consistent with the idea that lis-
teners must practice at least a critical number of trials
per day for improvements to occur over a course of
days. This requirement is most clearly demonstrated by
the frequency-discrimination data showing that prac-
ticing 360 trials per day yielded no learning, while prac-
ticing 900 trials per day did, regardless of whether the
total number of days (Fig. 1b, c) or of trials (Fig. 1d, e)
was held constant. Suggesting a similar requirement
for learning on temporal-interval discrimination,
Rammsayer (2003) reported no learning in listeners
who practiced this task 50 trials per day for 20 days,

while here listeners who practiced 360 trials per day for
6 days on a similar condition improved signiWcantly
(Fig. 2b, c). Thus, the idea that improvement across
days requires a critical amount of practice per day
appears to apply to multiple days of training on a per-
ceptual-discrimination task (here), as well as to
improvement on a day following a single day of train-
ing on a cognitive letter-enumeration task (Haupt-
mann and Karni 2002; Hauptmann et al. 2005).

It further appears that the critical number of trials
needed per day is condition dependent, because there
is evidence that it is contingent on both the particular
task and stimulus used in training. Clear from the cur-
rent data is that the critical number required for audi-
tory discrimination learning with a given standard
stimulus can diVer between tasks. Even though the two
conditions trained here used the same standard stimu-
lus, 360 trials per day were suYcient for learning on
temporal-interval discrimination, but not on frequency
discrimination. Comparison of the current data to a
previous report also suggests that the critical number
may diVer for diVerent stimuli on the same task. Here,
listeners who practiced 360 trials per day for 6 days
showed no learning on frequency discrimination with a
standard stimulus of two 15-ms, 1-kHz tone pips that
were separated by 100 ms. In contrast, Roth (2005)
reported signiWcant learning in listeners who practiced
350 trials per day for eight days with a 300-ms, 1-kHz
standard. Overall, it seems that the task as well as the
stimulus used in training can aVect the critical number
of trials.

The present data are also consistent with the idea
that training trials beyond the critical number per day
are superXuous to learning on the trained condition.
This idea is supported by the temporal-interval
results showing that the 360- and the 900-trial/day lis-
teners improved equivalently over the 6 days of train-
ing (Fig. 2b, c), suggesting that the trials beyond 360
per day did not contribute signiWcantly to the
observed improvement. This result adds to previous
reports that increasing the number of training trials
per day beyond a minimum number that yielded
improvement did not augment learning either after a
single day (Karni and Sagi 1993; Roth et al. 2005) or
multiple days (Ofen-Noy et al. 2003; Savion-Lemieux
and Penhune 2005) of training. However, the conclu-
sion that daily training beyond the critical number of
trials provides no beneWt to learning should be inter-
preted with caution. For example, it may be that
there are actually two critical numbers of training tri-
als, a smaller one that allows learning to accumulate
over days, and a larger one beyond which additional
training is superXuous. Further, while trials beyond
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the critical number do not appear to enhance learn-
ing on the trained condition, they may inXuence some
other aspect of learning, such as generalization or
retention.

Finally, the present data show no obvious pattern
within the individual training sessions that could be
used to predict the critical amount of training neces-
sary for improvement to accumulate across days. For
both the frequency and the temporal-interval tasks,
there was generally no systematic change in perfor-
mance within each day. In the cases in which there was
learning across days, the improvements occurred
between, rather than within, the daily training sessions.
Similar step-wise improvements have been reported
for a visual texture discrimination task (Karni and Sagi
1993). The relatively constant performance within indi-
vidual training sessions precludes the use of within-day
performance as a simple indicator of the number of
training trials required for across-day learning. This
result diVers from those of Hauptman and Karni (2002)
and Hauptmann et al. (2005) who reported that only
observers who reached asymptotic performance on a
letter-enumeration task within the single training
session provided showed better performance on the
next day. Therefore, the relationship between within-
and across-session learning appears to be condition
dependent.

Any of a number of factors, individually or in combi-
nation, may determine the critical number of trials
needed for multiple-day learning on a given condition.
For example, it may be that on tasks for which, with
eVective training, it takes fewer days to reach the best
possible performance, a greater amount of daily train-
ing is needed. This explanation is consistent with the
present data because, compared to the improvements
on temporal-interval discrimination, those on fre-
quency discrimination both took fewer days of training
to reach asymptote (»2 vs. 4 days) and required more
daily training (360 vs. 900 trials). Another possibility is
that the critical amount of training required increases
as condition diYculty increases. Unfortunately, while
diVerences in diYculty have been shown to aVect per-
ceptual learning (Ahissar and Hochstein 1997), their
potential contribution to the current results is not
clear, because diYculty was not purposefully manipu-
lated. Note, however, that to the extent that diYculty is
reXected in the percentage of correct responses, the
frequency and temporal-interval conditions were
equally diYcult because the adaptive procedure used
for both targeted the same level of performance
(79.4% correct). Nevertheless, it may be that the
degree of eVort required to reach this percent correct
level was greater for the frequency than the interval

condition, and that this diVerence contributed to the
greater number of trials needed for improvement on
frequency discrimination.

Whatever the contributing factors prove to be, the
diVerences in the critical number of trials needed
across conditions must be mediated by diVerences in
the physiology of the neural circuitry engaged by
training. Along this line, there is considerable support
for the idea that, here, training on the frequency and
temporal-interval conditions aVected separate neural
circuits. At the physiological level, there are numerous
reports of hemispheric specialization for the process-
ing of frequency (right hemisphere) and time (left
hemisphere) (for review see Zatorre et al. 2002). For
example, in one investigation, when listeners made
frequency judgments, activation in right posterior
auditory cortex increased, while activation instead
increased in left posterior auditory cortex when those
same listeners performed a duration task with the
same set of stimuli (Brechmann and Scheich 2005).
Further, it appears that duration, but not frequency,
tasks engage the right putamen. This structure pro-
cesses modality independent information about stimu-
lus timing (Nenadic et al. 2003), forming an interesting
connection to the observation that learning on tempo-
ral-interval discrimination generalizes from the
somatosensory to the auditory system (Nagarajan
et al. 1998) and from the auditory to the motor system
(Meegan et al. 2000). Also at the behavioral level,
learning assessed relative to untrained controls did not
generalize between the frequency and temporal-inter-
val tasks (Wright 1998) and followed task-speciWc pat-
terns of generalization to untrained stimuli (Wright
et al. 1997; Wright and Fitzgerald 2005). If learning on
these two tasks had modiWed the same circuitry, then
it presumably would have generalized from each task
to the other and generalized to the same subsets of
untrained stimuli on both tasks. Given this apparent
physiological separation, it seems that, of the two cir-
cuits, some feature(s) inherent in the one engaged by
the present frequency-discrimination training made
that circuit less amenable to change, and thus led to
the requirement for more trials per day for learning on
that condition.

The evidence that the accumulation of improvement
on perceptual skills over the course of days requires
some critical amount of training per day, and that
training beyond that daily amount does not add to the
beneWt on the trained condition has both practical and
theoretical implications. On a practical level, it
suggests that perceptual training regimens for thera-
peutic and non-therapeutic purposes could be made
more eYcient by establishing and using only the critical
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number of training trials needed for learning on the
condition being trained. It also indicates that care
should be taken in assessing the ability to learn a par-
ticular task, because while learning may not occur with
one number of training trials per day, it may occur with
another.

On a theoretical level, this evidence suggests that
the consolidation of perceptual learning functions as an
all-or-none process. There is no consolidation (at least
none that can be identiWed by the current measures)
until the amount of training reaches some critical
value, but once that value is reached, consolidation is
triggered and there is no beneWt from additional train-
ing. Most likely, what is actually required to trigger
consolidation is the reaching of a critical internal state,
brought about by the training. If so, the number of
training trials needed for consolidation is apt to diVer
across individuals. Further, the observation that the
critical number of trials diVers between tasks even
when they are performed with the same standard stim-
ulus, and between diVerent stimuli for the same task,
supports the idea that the requirements for consolida-
tion are condition speciWc. The proposed all-or-none
characteristic of consolidation may be one means by
which the brain balances the costs and beneWts of
changing. Excessive plasticity is avoided by changing
only in response to suYcient experience, presumably
within some restricted time frame, and by limiting the
amount of plasticity that can occur as a result of that
experience.
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