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Harmonic complex tones, such as musical tones and vow-
els, generally elicit a strong pitchsensation that corresponds
approximately to their fundamental frequency (F0). This
pitch plays a role of paramount importance in hearing: It
conveys melody in music, prosody in speech, and plays an
essential part in the perceptual analysis of complex audi-
tory scenes (Hartmann, 1988). The neural mechanismsun-
derlyingpitch perception have been debated for over a cen-
tury (Schouten, Ritsma, & Cardozo, 1962; Von Helmholtz,
1863). At the center of this debate is the question of
whether a single neural mechanism can account for the
perception of the pitch of all harmonic tones (Cariani &

Delgutte, 1996a, 1996b; Meddis & Hewitt, 1991a, 1991b;
Meddis& O’Mard, 1997), or whether more than one mech-
anism is involved,dependingon the stimulationconditions
(Carlyon & Shackleton, 1994; Ragot & Crottaz, 1998;
Shackleton & Carlyon, 1994; Steinschneider,Reser, Fish-
man, Schroeder,& Arezzo, 1998).This question is inspired
by the fact that the cochlea acts like a bank of parallel
bandpass filters and has a finite frequency resolving
power, which decreases with increasing frequency. Thus,
when the harmonics are widely spaced, as is the case at
high F0s, and/or when the frequencies of the harmonics
are low, the frequency componentsof the sound fall in dif-
ferent peripheral auditory channels and are then “re-
solved” by the peripheral auditory system. In this situa-
tion,becauseno singleperipheral auditorychannelcontains
unambiguous information about the F0 of the sound, the
central auditory system must combine the outputs of dif-
ferent auditorychannelsto derive the pitch. In contrast,when
the F0 is low, the frequencyof the harmonicsis high,or both,
the components of the sound are “unresolved” by the audi-
tory periphery. Several of them fall within the passband of a
single auditory filter. In this situation, the auditory system
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The neural mechanisms underlying the perception of pitch, a sensory attribute of paramount impor-
tance in hearing, have been a matter of debate for over a century. A question currently at the heart of
the debate is whether the pitch of all harmonic complex tones can be determined by the auditory sys-
tem’s using a single mechanism, or whether two different neural mechanisms are involved, depending
on the stimulus conditions. When the harmonics are widely spaced, as is the case at high fundamental
frequencies (F0s), and/or when the frequencies of the harmonics are low, the frequency components
of the sound fall in different peripheral auditory channels and are then “resolved” by the peripheral au-
ditory system. In contrast, at low F0s, or when the harmonics are high in frequency, several harmon-
ics interact within the passbands of the same auditory filters, being thus “unresolved” by the periph-
eral auditory system. The idea that more than one mechanism mediates the encoding of pitch
depending on the resolvability status of the harmonics was investigated here by testing for transfer of
learning in F0 discrimination between different stimulus conditions involving either resolved or unre-
solved harmonics after specific training in one of these conditions. The results, which show some resolv-
ability-specificity of F0-discrimination learning, support the hypothesis that two different underlying
mechanisms mediate the encoding of the F0 of resolved and unresolved harmonics.
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can retrieve the pitch by takingadvantageof the fact that the
auditory filter outputs fluctuate at a rate equal to the F0.

Several experimentalresults argue for the hypothesisthat
the encodingof the F0 of resolved and unresolved harmon-
ics is mediated by two different mechanisms. In particular,
it has been shown that the ability to compare the F0 of two
groupsof harmonics filtered in different frequency regions
and presented simultaneously is better when both groups
are either resolved or unresolved than when one is resolved
and the other unresolved (Carlyon & Shackleton, 1994).
Furthermore, difference limens (DLs) for F0 (DL F0s)
vary in a qualitativelydifferent way with changes in stim-
ulus duration (Plack & Carlyon, 1995).Finally, another ex-
perimental result that has not yet been accounted for by a
single-mechanismmodel of pitch extraction is that DL F0s
are significantly larger for unresolved than for resolved
harmonics (Carlyon, 1998).

On the other hand, it has been proposed that both re-
solved and unresolved harmonics could be embraced by a
single pitch mechanism (Meddis & Hewitt, 1991a, 1991b;
Meddis & O’Mard, 1997; Patterson et al., 1991; Slaney &
Lyon, 1990).Schematically, this mechanismamounts to the
computation by the central nervous system of a summed
autocorrelogram, which is obtained by pooling the auto-
correlation functionsof neural activity within the different
peripheral auditory channels. The resulting autocorrelo-
gram exhibits peaks, the largest of which corresponds in
most cases to the perceived pitch of the sound. According
to Meddis and O’Mard, this unitary mechanism can ac-
count for the perceived pitch of both resolved and unre-
solved harmonics. However, Carlyon (1998) challenged
this conclusion, mainly by demonstrating that the results
of Meddis and O’Mard could be explained in terms of fre-
quency region, rather than in terms of resolvabilityper se.
Thus, the question of the existence of a single or of two
different mechanisms for pitch perception is still posed.

In the present study, this question was addressed by
using a transfer-of-learning approach similar to that used
in several earlier studies in the visual and somatosensory
modalities(Ahissar & Hochstein, 1993,1996,1997;Ball &
Sekuler, 1982, 1987; Fiorentini & Berardi, 1981a, 1981b;
Karni & Sagi, 1990, 1991, 1993; Polat & Sagi, 1994; Sa-
thian & Zangaladze, 1997a, 1997b; Schoups & Orban,
1996; Schoups, Vogels, & Orban, 1995; Shiu & Pashler,
1992; Spengler et al., 1997) and in the auditory modality
(Demany, 1986; Irvine, Martin, Klimkeit, & Smith, 2000;
Wright, Buonomano,Mahncke,& Merzenich, 1997). The
general assumption behind this approach relies on the idea
that if perceptual performance on two different tasks or
with two different stimulus types is underlain by different
neural processes or sets, exclusive practice in one task or
with one stimulus type will train, specifically, the neural
processes or sets engaged by this task or stimulus type.
Consequently, no improvement in performance in the other
task or with the other stimulus type should be observed
after training. Thus, the general assumption is that neural
plasticity selectively affects the units that are active dur-
ing the performance. Under this assumption, if the neural
mechanism underlying pitch perception with resolved

harmonics is distinct from that underlying pitch percep-
tion with unresolved harmonics, subjects trained in pitch-
discriminationwith exclusivelyresolved harmonics should
exhibit little or no performance improvement with unre-
solved harmonics, and vice versa. The primary objective
of the present study was to test further the dual-pitch en-
coding theory.

Althoughnumerous investigationsinvolvingtrained sub-
jects have been devoted to F0 discrimination,to our knowl-
edge, none of these have provided explicit information ei-
ther on the extent and time course of improvements in this
task with practice or on the generalizationof these improve-
ments across F0s and frequency regions. The only data on
pitch discrimination learning that are currently available
in the literature have been obtained in studies involving
pure tones, rather than harmonic complex tones (Camp-
bell & Small, 1963; Demany, 1986; Harris, 1952; Spiegel
& Watson, 1981;Watson, 1980;Watson, Kelly, & Wroton,
1976; Wyatt, 1945). Since the F0 discrimination of har-
monic complex tones cannot be reduced simply to the fre-
quency discrimination of pure tones (Moore & Glasberg,
1990, 1991), the characteristics of F0 discrimination
learningmay well differ somewhat from thoseof pure-tone
frequency-discriminationlearning.Consequently, besides
testing further for the existence of two pitch-encoding
mechanisms, a secondary objective of the present study
was to document F0 discrimination learning.

METHOD

Subjects
Twelve subjects took part in this experiment. The subjects ranged

in age between 19 and 28 years (M = 23.83, SD = 3.16). They all had
normal hearing in both ears and absolute pure-tone thresholds at or
below 15 dB HL at octave frequencies from 250 to 8000 Hz (Amer-
ican National Standard Institute, 1969). None had prior experience
in psychoacoustic tasks. They all were paid an hourly wage for their
participation, and all completed the experiment.

Stimuli
The stimuli consisted of harmonic complex tones having dura-

tions of 200 msec, including 50-msec cosine ramps. The harmonics
were all added in sine (0°) phase and were bandpass-filtered digi-
tally with the use of a filter with a flat top and 48 dB/octave slopes;
components to which an attenuation larger than 48 dB would have
to be applied were omitted. Following Shackleton and Carlyon
(1994) and Carlyon and Shackleton (1994), we used two nominal
F0s (88 and 250 Hz) and three filtering regions (a low region with
lower and upper corner frequencies of 125 and 625 Hz, a mid region
of 1375–1875 Hz, and a high region of 3900–5400 Hz), leading to
six different F0-region combinations. According to Shackleton and
Carlyon and Carlyon and Shackleton, the harmonics of both 88 and
250 Hz are resolved in the low region and unresolved in the high re-
gion; in the mid region, the resolution status of the harmonics de-
pends on the F0 used: They are unresolved at 88 Hz but resolved at
250 Hz. Thus, using these stimuli, the influence of differences in re-
solvability can be distinguished from that of differences in F0 or dif-
ferences in frequency region. For convenience, the different F0-region
combinations will hereafter be referred to as LOW88R, LOW250R,
MID 88U, MID250R, HIGH88U, and HIGH250U.

The presentation level was determined separately for each sub-
ject. All harmonic complex tones were set at 40 dB above the absolute
threshold of a reference harmonic complex tone filtered in the corre-
sponding frequency region and having a F0 equal to the nominal F0
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used in the condition being tested. Because the standard deviation of
the absolute thresholds was only about 4 dB, the physical level of the
harmonic complex tones did not vary widely across subjects.

A pink-noise background with a 3 dB/octave slope was presented
continuously throughout all measurements. The overall noise level
was set individually 20 dB above the absolute detection threshold
for each subject. The purpose of this noise was to prevent the per-
ception by the subjects of combination tones generated by the ear,
which might have introduced a bias in some of the test conditions.
In particular, in the MID88U, HIGH88U, or HIGH250U conditions,
although the physical components of the harmonic complex tones
were unresolved, combination tones corresponding to subharmonics
of these components or to the F0 itself, and falling in a region where
the auditory filters were narrower, might have provided spectral cues
as to the F0 differences between the stimuli being compared. Vliegen
and Oxenham (1999) estimated that the levels of combination tones
elicited by harmonic complex tones having a level of 70 dB SPL,
with F0s around 100–200 Hz and harmonics filtered between 2 and
8 kHz did not exceed 30 dB SL at the F0 and 20 dB SL at harmonic
frequencies. On this basis, they established that a SPL of 25 dB at
1 kHz for the pink noise would be sufficient to ensure that any re-
solvable distortion product was at least 10 dB below masked thresh-
old. Previous studies concerned with the influence of resolvability
on DL F0s have in general used a pink-noise background with a
level of 15 dB SPLat 1 kHz and harmonic complex tones with a level
of 45 dB SPL per component (Carlyon & Shackleton, 1994; Gockel,
Carlyon, & Micheyl, 1999; Micheyl & Carlyon, 1998; Plack & Car-
lyon, 1995; Shackleton & Carlyon, 1994). In the present study, the
physical level of the pink noise (corresponding to 20 dB above the
absolute detection threshold for each subject) varied little across
subjects and was equal on average to about 20 dB SPL at 1 kHz, which
corresponded roughly to an overall level of 52 dB SPL. Given that
the resulting signal-to-noise ratio was even smaller than in the stud-
ies cited above, it appears very unlikely that combination tones have
been heard by the subjects in the present experiment.

Stimulus Generation
The harmonic complex tone signals were generated digitally in

the time domain on a PC150 computer and output using a 16-bit
digital-to-analog converter (TDT DA1) at a sampling rate of 44.1 kHz.
The pink-noise masker was generated digitally, recorded on an audio
compact disc (CD), and played out continuously throughout the
measurements with the use of the CD-Rom drive (Goldstar CRD
8322B) of another Pentium computer. The signals and noise were
individually low-pass filtered at 15 kHz (TDT FT6-2, attenuation
more than 60 dB at 1.15 times the corner frequency) and attenuated
(TDT PA4). Finally, they were summed (TDT SM3) and led to the
right or left earpiece of a Sennheiser HD465 headphone mounted in
a 25125 cushion via a headphone preamplifier (TDT HBC). Stimuli
were monitored on all sessions using an HP3561A signal analyzer.
The subjects were comfortably seated in a sound-treated booth.

Procedure
DLs for F0 (DL F0s) were measured with a three-interval, two-

alternative, forced-choice (3I-2AFC) procedure with a two-down
one-up adaptive rule, which tracked the 70.7% correct point on the
psychometric function (Levitt, 1971). On each trial, the subject was
presented with three successive harmonic complex tones, the second
or third of which (with a .5 probability) had a higher F0 than the two
others. The three harmonic complex tones were separated by 200-
msec silent intervals. The subject’s task was to indicate, after hear-
ing the three tones, which of the last two sounded different from the
others—in other words, to “tell the odd one out.” Responses were
given by the subject by using the numeric pad of a computer key-
board, with no time limitation. The next trial was initiated after the
subject had given a response. Visual feedback, when present, was
provided in the form of a change in screen color, which otherwise

remained black. Following the subject’s response, green indicated a
correct response and red an incorrect response.

The F0 of two standard harmonic complex tones remained con-
stant at 88 or 250 Hz throughout a run; the F0 of the deviant har-
monic complex tone was equal to the F0 of the standard harmonic
complex tones incremented by a variable quantity DF0 . At the be-
ginning of a run, DF0 was set to 40% of the nominal F0. It was de-
creased by a factor of 2 after two consecutive correct responses and
was increased by the same amount after any incorrect response until
the fourth reversal in the direction of the change in DF0; thereafter,
a factor of Ï2 was used. The run stopped after 16 reversals, which
corresponded to a variable number of trials—in general, around 60.
Each run took approximately 1–2 min to complete. The DL F0 was
then estimated as the geometric mean of the DF0 s over the last 12
reversals and was expressed as a percentage of the nominal F0.

Experimental Design
All 12 subjects first took part in a preliminary test session during

which they familiarized themselves with the test procedure and stim-
uli. During this familiarization session (S0), they performed three
runs of the DL F0 measurement procedure in each of the six stimu-
lus conditions, in random order. No visual feedback was provided to
the subjects during this session. Later, on a different day of the same
week, their baseline performance was measured in the first test ses-
sion (S1). During this session, they performed five runs in each of
the six conditions. Again, no visual feedback was provided to the sub-
jects at this point.

In the following week, 8 subjects, who had been chosen at random
out of the 12, started training, and the 4 remaining, serving as controls,
did not. These 8 subjects who started training were divided into two
groups comprising 4 subjects each. One group (TMID88U) received
training in the MID88U condition, and the other group (TMID250R)
was trained in the MID250R condition. In each experimental group,
half of the subjects were tested and trained in the right ear and the
other half in the left ear. The training program consisted of 2-h sessions,
3 days per week, for 4 consecutive weeks, corresponding to a total
of 24 h. During these training sessions, the subjects had to complete
30 runs. Trial-by-trial visual feedback was provided.

Four weeks after the initial evaluation session (S1)—that is, on
the week after the last training session for trained subjects—all sub-
jects took part in a second evaluation session (S2). Finally, 4 weeks
later—that is, 5 weeks after the last training session for trained
subjects—all subjects took part in a final evaluation session (S3) aimed
at checking whether they had retained the same level of performance
as that measured on S2. As in S1, during these final two evaluation
sessions, five runs in each of the six different F0-region conditions
were collected, and no visual feedback was provided to the subjects.

RESULTS

Figure 1 represents the mean DL F0s obtained in the two
training groups (TMID88U and TMID250R) on the pre-
liminary (S0), pretraining (S1), training (T1-T12), and post-
training sessions. Each data point represents the geometric
mean of the mean DL F0s measured in the 4 subjects of a
given group on a given test or training session. For each
training session, the mean DL F0 for each subject was it-
self computed as the geometric mean of 30 estimates cor-
responding to the 30 runs of the adaptive procedure that a
subject had to perform. For each test session, individual
mean DL F0s were computed as the average of the five
collected thresholds.The geometric standard errors around
the geometric mean DL F0 ratios were computed with the
following formula (Micheyl & Carlyon, 1998):
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where ss1 represents the standard deviation of the four
log-transformed DL F0 estimates obtained for the 4 sub-
jects of each group in the pretrainingsession (S1), and ss2
represents the standarddeviationof the four log-transformed
DL F0 estimates obtained for the 4 subjects of each group
in the first posttraining session (S2). Basically, this for-
mula was derived from the idea that the standard error of the
ratio between two means is equal to the square root of the
sum of the squares of the standard errors of the two means.

Before looking into more detail at the differences in
DL F0s between the pre- and posttraining sessions in the
two groups, it is worth considering how performance im-
proved during the training sessions (T1–T12). The graph
in Figure 1 indicates a protracted decrease in thresholds
over the 12 training sessions in the TMID250R group. For
the TMID88U group, after a marked decrease in thresh-
olds between S1 and T1, little improvement was observed
across training sessions. These results were submitted to
an analysisof variance (ANOVA) with the log-transformed
DL F0s (always expressed in percents of the nominal F0)
measured during the training sessions as the dependent
variable, the training session number (“session”) as the re-

peated measures factor, and the training group (“group”)
as the independent measures factor. The results of the
ANOVA reveal the existenceof a significant difference in
thresholds across training sessions [F(11,66) = 4.25, p <
.001]. Throughout the article, all main effects and inter-
actions not mentioned were not statistically significant.
Since the session 3 group interaction only just failed to
reach the .05 threshold [F(11,66) = 1.91, p = .054], we de-
cided to check whether significant differences across ses-
sions were effectively present in both groups; session was
found to have had a significant effect in the TMID250R
group [F(11,33) = 4.55, p < .001] but not in the TMID88U
group [F(11,33) = 1.13, p = .371]. The regression lines fit-
ted to the log-transformed training data of the two groups
in a least-squares algorithmare also shown in Figure 1. The
slopes of these lines were compared with the use of a t test
as described in Edwards (1973). They proved to be signif-
icantly different [t(20) = 24.30; slope = 20.03 with R2 =
.99 for TMID250R and slope = 20.01 with R2 = .93 for
TMID88U].

In regard to changes in thresholds between the pre- and
posttrainingsessions, Figure 2 shows the mean variation in
DL F0 measured between S1 and S2 in the six conditions
for the three experimentalgroups.These variationswere ob-
tained by dividing the geometric mean DL F0s measured
across subjects and the runs on S1 by those measured on
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Figure 1. DL F0s measured on the different test (small symbols) and training ses-
sions (large symbols) in the two training groups. The filled squares correspond to
TMID88U data, empty squares to TMID250R data. The error bars refer to the inter-
subject variability.They represent the geometric standard error around the geometric
mean DL F0 across subjects, computed as the standard error of the log-transformed
geometric mean DL F0s of the 4 subjects of each group. The regression lines fitted to
the data are superimposed (see text for details).
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S2. The fact that most datapoints from the trained groups
were above 1 indicates, at first glance, a general improve-
ment in performance for these two groups. In contrast,most
datapoints from the control group were slightly below 1,
indicatingeither a slight decrease or no substantial change
in performance between S1 and S2. These results first
were submitted to a four-way ANOVA with log-transformed
DL F0 as the dependent variable, session number (S1 vs.
S2), frequency region (low, mid, and high), and F0 (88 and
250 Hz) as the repeated-measures factors, and group
(TMID88U, TMID250R, and control) as the independent
measures factor. The results of this analysis reveal a sig-
nificant effect of session [F(1,9) = 20.49,p = .001], as well
as an interactionbetweensessionand group [F(2,9)= 10.26,
p = .005]. Frequency region and F0 both had a significant
main effect [F(2,18) = 160.00, p < .001, and F(1,9) =
225.29, p < .001] and interacted significantly [F(2,18) =
16.29, p < .001]. When the analysis was performed on the
data of the two trained groups alone (leaving aside those
of the control group), a significant difference between S1
and S2 was still observed [F(1,6) = 31.34,p = .001]. In the

control group, no significant difference was observed be-
tween the two test sessions [F(1,3) = 2.48, p = .213].

By looking in a more detailed way at the results for the
two trained groups, it can also be seen in Figure 2 that al-
though in the three resolved conditions (LOW88R,
LOW250R, and MID250R) the datapoints of the subjects
from the TMID250R group lay above those of the TMID
88U group, the opposite pattern of results is apparent in
the three unresolved conditions(MID88U, HIGH88U, and
HIGH250U). Figure 3 shows the mean threshold varia-
tions in the untrained resolved and unresolved conditions
in the three experimental groups. Excluding the data ob-
tained in the trained conditions allows the elimination of
a possible bias in the interpretation, which is caused by
the expected fact that the improvementswere largest in the
trained conditions. In order to check the effect of resolv-
ability per se, these data were submitted to a post hoc
analysis contrasting the log-transformed DL F0s obtained
in the two training groups (TMID88U vs. TMID250R) in
the two conditions (resolved and unresolved). More pre-
cisely, this contrast analysis was realized by setting coef-
ficients in the contrast matrix to 21 for the untrained–
resolved conditions, to 1 for the untrained–unresolvedcon-
ditions, and to 0 for trained conditions. The results of the
contrast analysis indicate that the subjects trained in the
resolved (MID250R) condition showed larger improve-
ments in the two other resolved conditions (LOW88R and
LOW250R) than did the subjects trained in the unresolved
(MID88U) condition[F(2,6) = 8.45,p < .05], and viceversa
[F(2,6) = 27.59, p < .001].

Figure 2. Variations in DL F0s between S1 and S2 in the dif-
ferent F0-region conditions. Each datapoint was obtained by di-
viding the geometric mean DL F0 obtained by the subjects of a
given group in a given F0-region condition on S1 by the corre-
sponding geometric mean DL F0 on S2. The error bars refer to
the geometric standard errors around the geometric mean ratio.
Open squares correspond to data from the group trained with re-
solved harmonics. Filled squares correspond to data from the
group trained with unresolved harmonics. Filled triangles corre-
spond to data from the control group. The F0-region conditions
indicated on the abscissa are sorted by order of decreasing har-
monic resolvability from left to right. The three rightmost condi-
tions involved unresolved harmonics, whereas the three leftmost
involved resolved harmonics; the separation between the resolved
and unresolved conditions is materialized by a vertical dashed
line. The two training conditions are indicated by arrows.

Figure 3. Mean relative changes in DL F0s between S1 and S2
in the two untrained resolved and the two untrained unresolved
conditions. The stars indicate the statistical significance (one star
for p < .05 and two stars for p < .001) in the contrast analysis (see
text for details). The error bars refer to the intercondition vari-
ability. They represent the geometric standard error around the
geometric mean DL F0 across untrained resolved or untrained
unresolved conditions.
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Finally, when one considers how thresholds varied be-
tween the two posttraining test sessions (S2 and S3), as is
shown in the graph of Figure 4, thresholds remained over-
all approximately constant in the TMID250R and the
control groups, for which most of the S2/S3 threshold
ratios were close to unity. In the TMID88U group, the
mean threshold ratios were all below 1, indicating at first
glance, a slight decrease in performance between S2 and
S3. The results of an ANOVA (session 3 group) on the
log-transformed DL F0s of all three groups failed to re-
veal any statistically significant difference between the
data of S2 and S3 [F(1,9) = 2.10, p = .181]. However, a
significant interactionwas observedbetween thesessionand
group [F(2,9) = 4.79, p < .05]. In order to obtain further in-
sight into this outcome, we analyzed the data of the two
traininggroups separately from those of the control group.
The results of these separate analyses failed to show any
significant change from S2 to S3 in any of the experi-
mental groups taken individually.

DISCUSSION

Comparison of Thresholds
With Previous Data

The posttrainingDL F0s obtained in this study are con-
sistent with those measured in earlier studies using simi-
lar stimuli and trained subjects (e.g., Carlyon & Shackle-
ton, 1994; Gockel et al., 1999; Micheyl & Carlyon, 1998;
Plack & Carlyon, 1995; Shackleton & Carlyon, 1994).
Earlier studies found respective DL F0s of about 0.5%
and 2%–5% for resolved and unresolvedharmonics, which
compare well with those measured in our posttrainingses-

sion—namely, around 0.3% in the MID250R condition
and around 2% in the MID88U condition.

Learning Curves
Althoughmany earlier studieshavebeen devoted to pitch

discriminationand have involvedtrained subjects with the
implicit assumption that performance in this task improved
with practice, this is to our knowledge the first study in
which learning in pitch discrimination with harmonic
complex tones is explicitlydocumented.A main result ev-
idenced by this study corresponds to the fact that DL F0s
improved significantly over the training period in the
TMID250R group, but not in the TMID88U group. A ten-
tative interpretationof this observation is that most, if not
all, of the long-term improvement in F0-discrimination
performance in the resolved condition was mediated by
an improvement in the encoding of the individual fre-
quencies of the harmonics (Faulkner, 1985), which, when
the harmonics were unresolved, as was the case for the
TMID88U group, cannot takeplace.Although the subjects
could in theory rely on changes in the frequency of a sin-
gle harmonic to perform the F0-discrimination task when
these harmonics are resolved, there exists fairly strong ev-
idence in the literature that they actuallycompare the pitch
sensations elicited by the whole harmonic complex tones
rather than the frequenciesof individualharmonics (Moore
& Glasberg, 1990, 1991). However, since the encoding of
the virtual pitch of resolved harmonics presumably in-
volves as a first stage the encoding of the individual fre-
quency of these harmonics (Goldstein, 1973; Terhardt,
1972; Wightman, 1973), it is conceivable that all or part
of the improvements in F0-discrimination performance
that were observed in the resolved conditionsof this study
were mediated by improvements in the accuracy with
which the frequencies of the different components of the
harmonic complex tones were encoded in the auditory
system. If this were the case, parallels should be observed
between the learning curves obtained here for resolved
harmonics and those obtained for frequency discrimina-
tion for pure tones in previous studies. Several previous
investigations have shown that the ability to detect small
differences in frequency between successive pure tones
improves markedly with practice over several hours, days,
or even months, dependingon the intensity of the training
(Campbell & Small, 1963; Demany, 1986; Harris, 1952;
Moore, 1973;Turner & Nelson, 1982;Wyatt, 1945).Results
obtained by Campbell and Small (1963) indicated that
frequency-discriminationthresholds (FDTs) measured for
800-msec long tones at 2 kHz using a 2AFC procedure
were divided by a factor of about 2 on average after 6 con-
secutive days of training, corresponding to about 3,900
trials. In their study, an asymptote was reached after about
4 h of training, which corresponded to approximately
2,600 trials. Watson (1980) later reported that between
1,600 and 4,200 trials were necessary for frequency dis-
crimination performance to reach asymptote. In the pre-
sent study, the subjectswere trained for 24 h, in 12 two-hour
long sessions, and performed 30 runs per session, leading

Figure 4. Relative changes in DL F0s between S2 and S3 in
each of the six F0-region conditions. This figure follows the same
conventions as used for Figure 2.
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to approximately21,600 trials. Despite this very large num-
ber of training trials, performance did not clearly reach as-
ymptote near the end of the training period in the resolved
harmonics condition. This suggests that there is some-
thing more to the learning of pitch discriminationwith re-
solved harmonic complexes than to the learning of pitch
discrimination with pure tones.

Although the difference observed in the trainingdata of
the TMID88U and TMID250R is generally consistent
with the hypothesis that pitch discrimination is mediated
by several different mechanisms for resolved and unre-
solved harmonics, it cannot be taken as a demonstrationfor
this hypothesis.Indeed, the observeddifference in the learn-
ing curves in the two training conditions could be related
to the fact that the nominalF0s were different in these two
conditions. It might be the case that less learning takes
place at low F0s such as 88 Hz than at high F0s such as
250 Hz.

Transfer of Learning
A stronger argument, however, can be found when one

looksat how learningis transferred between resolvedand un-
resolved conditions.When one considers now the changes
in thresholds between the pre- and posttraining test ses-
sions—namely, S1 versus S2—it must first be noted that
no significant change was observed in the control group.
Thus, the changes in thresholds that took place between
these two test sessions in the two trained groups can be in-
terpreted to be a result of the specific training that these
groups received. Second, it is worth noting that although
the two training groups were each trained in a single con-
dition involving solely the mid frequency region, a signifi-
cant main effect of session in the statistical analyses indi-
cates a general improvement in DL F0s across the different
conditions.This observationreveals that the improvement
in F0 discrimination that resulted from training in one
condition generalized, in part, to the other conditions that
were tested.Such an overall increase in performance across
frequency regions and F0s might reflect procedural learn-
ing, which refers to the learning surrounding the response
demands of the task and does not depend on the specific
characteristics of the stimuli used, as opposed to stimulus
learning (Robinson & Summerfield, 1996). The subjects,
who had no prior experience in psychoacoustical tests,
had perhaps not completely familiarized themselves with
the experimental procedure or task by the end of the pre-
liminary (S0) and first (S1) test sessions and benefited
from further training before S2. The lack of extra training
for the controlgroupwould thenexplainthe absenceof over-
all improvement between S1 and S2 observed in the latter
group. Another possible interpretation is that, although
the subjectshad becomeperfectly familiar with the task and
test procedureby the end of the pretrainingtest (S1) session,
the intensive training that the subjects of the TMID88U
and TMID250 groups received following this session im-
proved the functioning of some generic underlying F0-
discriminationmechanism that does not strictly depend on

the frequency region and the F0 being tested. Several ex-
isting models of pitch perception involve two stages: a first
stage that corresponds to the local extraction of the fre-
quencies of the different harmonics, and a second stage
that corresponds to the computationof the F0 on the basis
of this information (e.g., Goldstein, 1973; Terhardt, 1972).
Since the second mechanism operates across auditory
channels, a refinement in its functioning under the influ-
ence of training might produce a global improvement in
F0-discrimination performance.

An important qualificationto the finding that F0 discrim-
inationgeneralizesacross F0s and regions comes from the
observation of significantly larger transfer of learning be-
tween harmonic complex tones of the same resolution sta-
tus (i.e., both resolved or both unresolved) than between
conditions involving harmonic complex tones with a dif-
ferent resolution status. The second finding absolutely
cannot be explained in terms of procedural learning and
argues for the hypothesis that the perceptual encoding of
the F0 of harmonic complex tones, as reflected by F0-
discrimination performance, is mediated by different
mechanisms depending on whether the harmonics are re-
solved or unresolved by the peripheral auditory system.
The present finding can be paralleled with the earlier ob-
servation by Carlyon and Shackleton (1994) that the abil-
ity to compare the F0s of two simultaneousgroups of har-
monics filtered in different frequency regions is larger
when both groups have the same resolution status than
when one is resolved and the other is unresolved.

A final point of the results of the present study that de-
serve mention is in regard to the lack of a significantdiffer-
ence between DL F0s measured on the two posttraining
sessions (S2 and S3). This finding reveals that the learn-
ing effects that occurred in this study were retained over a
period of at least 5 weeks after the end of the training.This
finding can be paralleled with earlier results in the visual
modality, which indicate that perceptual learning effects
are long lasting(Ball & Sekuler, 1982;Karni & Sagi, 1993).

CONCLUSION

In conclusion,besides providingdata on the learningof
F0 discriminationwith harmonic complex tones, the pres-
ent study provides evidence based on a transfer-of-learning
paradigm, in which two different mechanisms underlie the
perception of pitch depending on whether the harmonics
are resolved or unresolved at the auditory periphery. The
strongest argument in favor of this dual-pitch mechanism
hypothesis is that subjects trained in F0 discrimination
with resolved harmonics later show improved performance
in other resolved conditionsversus unresolvedconditions,
and vice versa. This effect cannot be accounted for by ex-
isting models of pitch perception in which a unitary mech-
anism processes the pitch of all harmonic complex tones.
A consistent interpretation of these results is that in spite
of the apparent unity of the sensory attribute of harmonic
complex tones known as virtual pitch, owing to constraints
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imposedon the central nervous system by the peripheralau-
ditory organ, two separate neural mechanismsunderlie the
encoding of the F0 of resolved and of unresolved stimuli.
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