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This study investigated the ability of normal-hearing listeners to process random sequences of tones
varying in either pitch or loudness. Same/different judgments were collected for pairs of sequences
with a variable length (up to eight elements) and built from only two different elements, which were
200-ms harmonic complex tones. The two possible elements of all sequences had a fixed level of
discriminability, corresponding to a d’ value of about 2, irrespective of the auditory dimension
(pitch or loudness) along which they differed. This made it possible to assess sequence processing
per se, independent of the accuracy of sound encoding. Pitch sequences were found to be processed
more effectively than loudness sequences. However, that was the case only when the sequence
elements included low-rank harmonics, which could be at least partially resolved in the auditory
periphery. The effect of roving and transposition was also investigated. These manipulations
reduced overall performance, especially transposition, but an advantage for pitch sequences was still
observed. These results suggest that automatic frequency-shift detectors, available for pitch

sequences but not loudness sequences, participate in the effective encoding of melodies.
© 2009 Acoustical Society of America. [DOI: 10.1121/1.3257206]

PACS number(s): 43.66.Mk, 43.66.Hg [BCM]

I. INTRODUCTION

To understand speech or appreciate music, one has to
process sequences of sounds. Among the diverse auditory
features that may vary between sounds of a sequence, pitch
seems to have a peculiar importance for human listeners.
Pitch sequences constitute melodies and play a major role in
music (Dowling and Harwood, 1986). Melodies have also
been the example of choice used by Gestalt psychologists to
illustrate the emergence of form out of the combination of
discrete elements (Wertheimer, 1924).

Do sequences of pitch truly have special perceptual
properties, compared to sequences of other auditory features
such as loudness or timbre? Sequences of pitch have the
ability to convey contour and relative interval information
(Dowling and Fujitani, 1971), a property extensively used in
music. Moore and Rosen (1979) suggested that familiar
melodies cannot be recognized when the pitch changes are
replaced by equivalent loudness changes. However, this sug-
gestion is at odds with the results of a more recent study by
McDermott et al. (2008). McDermott et al. (2008) argued
that contour perception is not specific to pitch. They found
that contours in the dimension of either pitch, loudness, or
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timbre can be recognized cross dimensionally. They con-
tended that pitch is particularly useful to construct melodies
merely because this perceptual feature is encoded very accu-
rately over a wide range.

McFarland and Cacace (1992) reached an opposite con-
clusion. They employed pure-tone sequences built from only
two possible values of a given feature, separated by a fixed
number of just-noticeable differences. This was intended to
equate the discriminability of individual elements of the se-
quences, in order to reveal mechanisms of sequence process-
ing that otherwise might have been obscured by the pecu-
liarities of feature encoding for single sounds. An advantage
for pitch sequences was found: listeners could recognize
longer pitch sequences than loudness or duration sequences.
There are, however, potential concerns about the experimen-
tal procedure. First, it was assumed that a fixed number of
just-noticeable differences would produce equal discrim-
inability. This hypothesis is supported by introspective data
(Terhardt, 1968), but has not been confirmed by performance
data. Second, a large number of elements had to be memo-
rized on each trial, so that the task presumably recruited
high-level cognitive strategies (Cowan, 2001). The important
question of a possible sensory advantage for pitch-sequence
processing thus remains unresolved.

In the present study, we reassessed the processing of
pitch sequences and loudness sequences. Binary sequences
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of tones were constructed and the discriminability between
the two possible component tones was equated in terms of
the d’ sensitivity index of signal detection theory (Green and
Swets, 1966). Each sequence contained at most eight ele-
ments, which were complex tones. The tones consisted of
harmonics with variable ranks, so that in some sequences the
spectral components of the tones were completely resolvable
in the auditory periphery, whereas in other sequences the
spectral components were completely unresolvable. These
two kinds of complex tones convey musical pitch (Moore
and Rosen, 1979), but with a different accuracy (Kaernbach
and Bering, 2001) and perhaps by means of different mecha-
nisms (de Cheveigné, 2005). We wished to determine
whether the advantage of pitch over loudness suggested by
McFarland and Cacace (1992) for pure tones would general-
ize to complex tones of either type when discriminability is
equalized.

Il. EXPERIMENT 1: SEQUENCES OF PITCH AND
LOUDNESS

In this experiment, sequence processing was evaluated
using tones differing in (1) loudness (condition L), (2) pitch
produced by resolved harmonics (condition P-R), and (3)
pitch produced by unresolved harmonics (condition P-U). In
order to dissociate single-sound encoding from sequence
processing per se, we equalized the discriminability index d’
between elements of the sequences in these three conditions.

A. Method

The sequence elements (see Fig. 1) were complex tones
with a fundamental frequency (FO) close to 125 Hz. The
tones were bandpass-filtered click trains (eighth order But-
terworth filters). The pass-band of the filter was set between
125 and 625 Hz in the P-R and L conditions, and between
3900 and 5400 Hz in the P-U condition. Identical tones had
been used by Shackleton and Carlyon (1994). Based on fre-
quency difference limens and phase sensitivity measures,
Shackleton and Carlyon (1994) argued that spectral compo-
nents would be resolved in the P-R condition and unresolved
in the P-U condition. In order to mask distortion products
that could affect the internal spectrum of the tones in the P-U
condition (Pressnitzer and Patterson, 2001), the tones were
mixed with pink noise in all conditions. The pink noise was
generated in the spectral domain with components between
62.5Hz and half the sampling rate. For each stimulus, the
overall level of the noise was set at 6 dB below the overall
level of the tone; then, the sound pressure level (SPL) of the
tone plus noise compound was set close to 65 dB. Each
stimulus had a duration of 200 ms and was gated on and off
with 25-ms raised-cosine ramps.

In a preliminary adjustment phase, listeners had to per-
form a same/different task on two tones with variable differ-
ences in FO or SPL. The reference tone had an FO of 125 Hz
and a SPL of 65 dB, while the other tone was higher in either
FO or SPL. In a given block of trials, only one tone was used
in addition to the reference tone; each of the two tones to be
compared on a given trial was randomly chosen to be the
reference or the other tone. For each condition (P-R, P-U, or
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FIG. 1. Top panels: Stimuli of Experiment 1. A simulation of peripheral
auditory processing (Patterson er al., 1995) illustrates the predicted activa-
tion of different frequency channels after cochlear encoding. (Top-left)
When the tones were filtered in a low frequency region (125-625 Hz), their
spectral components were processed in independent channels and thus “re-
solved” (conditions P-R and L). (Top-right) When the tones were filtered in
a high frequency region (3900-5400 Hz), their spectral components were
unresolved (condition P-U). (Bottom panel) Experimental task. Listeners
made same/different judgments on binary sequences. The elements of the
sequences could take only two values of either FO (conditions P-R and P-U)
or SPL (condition L). These two values differed by A. The number of ele-
ments, N, could be equal to 1, 2, 4, or 8. On a given trial, only one element
(chosen at random) could change. In this example of a “different” trial, N is
equal to 4 and the second element changes.

L) and listener, several adjustment blocks were run to esti-
mate the stimulus difference A yielding a d’ value of 2. The
A values tested as well as the number of adjustment blocks
were determined heuristically by the experimenter. Note,
however, that this adjustment was independently verified in
the main part of the experiment.

In the subsequent and main part of the experiment, the
previously determined values of A were used in binary se-
quences of N=1, 2, 4, or 8 tones. On each trial, two se-
quences separated by a 400-ms silence were presented (see
Fig. 1, bottom panel). In the first sequence, each tone was, at
random, either a reference stimulus, A, with a 125-Hz FO and
a 65-dB level, or another stimulus, B, differing positively
from A by A. The second sequence was equiprobably iden-
tical to the first sequence or different from it. In the latter
case, a single, randomly chosen tone was changed from A to
B or vice versa. The listener had to make a same/different
judgment. For each listener, condition, and N value, four
blocks of 50 trials were run. The ordering of conditions and
N values was randomized. No training was provided apart
from the series of adjustment blocks, which corresponds to
sequences with N=1.

Thirteen listeners with no self-reported hearing disorder
participated in the experiment (mean age=24.0, SD=6.1, six
female). A questionnaire was used to evaluate musical train-
ing. The measure used was the number of years participants
had practiced a musical instrument (mean=6.9, SD=7.2).
For displaying individual data, participants were sorted in
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TABLE 1. Means and standard deviations of the A values used in Experi-
ment 1. These values are expressed as percentages of the reference fre-
quency or sound pressure. The values in parentheses are conversions to
semitones (P-R or PU conditions) or dB (L condition).

Experiment 1

Condition P-R P-U L
Reference 125 Hz 125 Hz 65 dB
Mean A 1.9 (0.3) 38.8 (5.7) 49.6 (3.5)
s.d. 0.9 (0.2) 29.6 (4.5) 37.3 (2.8)

three groups: no musical training (4), less than 10 years (5),
and more than 10 years (4). Stimuli were generated with an
RME Fireface audio sound card and digital to analog con-
verter, with 16-bit coding accuracy and 44.1 kHz sampling
rate. They were delivered diotically by means of Sennheiser
HD 250 linear II headphones. Listeners were seated in a
double-walled sound insulated booth (IAC). Responses were
given by means of button press. No feedback was provided.

B. Results

Table I displays the mean results of the adjustment phase
and shows that A was much higher in the P-U condition than
in the P-R condition. This is consistent with many previous
data showing that the pitch percepts evoked by unresolved
harmonics are less precise than those evoked by resolved
harmonics (see, e.g., Shackleton and Carlyon, 1994; Hout-
sma and Smurzynski, 1990). In the L condition, the average
A value was 3.5 dB. If relative thresholds are compared
across attributes, in terms of percent of the reference, A val-
ues for loudness were larger than A values in the two pitch
conditions. A significant correlation was observed between
musical expertise (years of musical training) and A values
for the P-R condition (r=—0.80, t=—4.44, P=0.001). Con-
sistent with previous reports (Micheyl et al., 2006), musi-
cians displayed smaller thresholds. Similar correlations were
observed between musical expertise and A values in the P-U
condition (r=-0.70, t=-3.29, P=0.007) and A values in
the L condition (r=-0.66, t=-2.90, P=0.014).

The top-left panel of Fig. 2 shows the effect of N and
condition on d’. For N=1, d' was similar in all three condi-
tions, indicating that the preliminary adjustment phase had
been successful. Performance was higher than 2, suggesting
equivalent improvement between adjustment and test phase
in all conditions. When N was greater, however, a large dif-
ference was observed between conditions. For conditions L
and P-U, almost identical trends were obtained: performance
steadily decreased as soon as N exceeded 1. For P-R, in
contrast, performance was approximately constant up to
N=4 and decreased only when N reached its highest value, 8.

A repeated-measures analysis of variance (ANOVA)
(N X condition) confirmed the existence of a significant in-
teraction between the two experimental factors [F(6,72)
=4.95, P=0.0002], in addition to main effects of N
[F(3,36)=12.96, P<<0.0001] and condition [F(2,24)
=6.45, P=0.0057]. Post-hoc tests (Tukey’s HSD) con-
firmed that, for P-R, performance decreased only when N
varied from 4 to 8.
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FIG. 2. Results of Experiment 1. (Top-left) Mean value of d’ as a function
of N in the three experimental conditions (P-R: black circles; P-U: gray
circles; L: white squares). Error bars are standard errors of the means. (Top-
right) Mean and standard error of the d’ slope, summarizing the decrease in
performance from N=1 to N=4. (Bottom-left) Individual data for the d’
slope in the P-R and P-U conditions. Each diamond represents one listener.
The size of the diamonds represents the musical experience of listeners:
small for no experience, medium for less than 10 years, and large for more
than 10 years. (Bottom-right) Same, but for the P-U and L conditions.

Figure 2 and the post-hoc tests indicated that, between
N=1 and N=4, d' remained constant in the P-R condition
but decreased regularly in the P-U and L conditions. We
performed an additional analysis to summarize these pat-
terns: Straight lines were fitted to the individual data ob-
tained for N=1, 2 and 4, using a log-scale for N. The slope of
the fitted lines characterizes the initial effect of N on perfor-
mance, while normalizing for possible individual differences
in performance at N=1. The top-right panel of Fig. 2 dis-
plays the results of this analysis. The slope found for P-R
was small and differed significantly from those found for
both P-U and L (P <0.01), whereas slopes for P-U and L did
not differ reliably from each other (P>0.10). The bottom
panels of Fig. 2 display individual results for the d’ slope.
All but one listener displayed a shallower slope for P-R than
P-U, that is, an advantage for P-R sequences. Some listeners
even displayed a negative slope for P-R, indicating that their
performance actually increased between sequences of N=1
and N=4 elements. In contrast, results seem evenly distrib-
uted when P-U and P-L are compared.

There was no obvious effect of musical training on the
magnitude of the pitch advantage, as indicated by the indi-
vidual data plots. The correlation between musical expertise
and the magnitude of the pitch advantage (d' slope for loud-
ness minus d' slope for pitch) was not significant (r=
-0.20, t=-0.69, P=0.51).

In summary, Experiment 1 demonstrated superior pro-
cessing of sequences for pitch compared to loudness, but
only when resolved harmonics were present.

lil. IDEAL OBSERVER SIMULATION

Within the framework of signal detection theory, it is
possible to simulate an ideal observer required to make

Cousineau et al.: The perceptual singularity of pitch sequences 3181


Daniel P
Sticky Note
The journal version has an error in this Figure (see Erratum). It is corrected here. 


2.5

0.5

1 2 4 8
# of elements (N)

FIG. 3. Ideal observer simulation. The solid curve shows the prediction
derived from an ideal observer simulation based on independent processing
of single elements. The experimental data for conditions P-R (dark gray) and
L (light gray), Experiment 1, are replotted as shaded areas encompassing
two standard errors of the mean.

same/different judgments on two elements (Green and Swets,
1966; Dai et al., 1996). Observation variables are associated
with each element, taking into account internal noise. If the
two observations are independent, the optimal strategy is to
compare each of them with a fixed criterion to determine
which distribution they belong to and then take the same/
different decision (Dai et al., 1996).

Our experimental task was not a comparison between
two elements, but rather a comparison between sequences
comprising several elements. If no specific sequence-
processing mechanism is assumed, optimal performance on
this task may be simulated by repeating the ideal observer’s
strategy on corresponding elements across sequences, under
the assumption that the elements are encoded independently
of each other and with perfect memory.

We implemented such a model to quantify performance
for N independent comparisons. Binary sequences of A and
B elements were generated as in Experiment 1. Each element
was transformed into its observation variable by combining
its true value, O or 1, with a Gaussian noise of zero mean and
standard deviation o. No bias was assumed, so the criterion
was set to 0.5 (note that changing the criterion would not
affect the obtained d’). For each element, the observation
variable was compared to the criterion and an A or B deci-
sion was taken. All corresponding pairs of observed ele-
ments, matched across the two sequences, were then com-
pared and a “same” decision was taken if all pairs were
identical. The magnitude of the noise, o, was the only free
parameter of the model. It was fitted to the experimental data
for N=1.

For each value of N, we computed d’ from 100 000
simulated trials. The simulation results are displayed in Fig.
3, together with the data of Experiment 1 (for simplicity, we
omit condition P-U). As N increased, the predicted d’ de-
creased less rapidly than in condition L but more rapidly than
in condition P-R. Further simulations showed that changing
o would shift overall performance but would not change the
predicted slope of the function relating d' to N. We com-
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TABLE II. Means and standard deviations of the A values used in Experi-
ment 2. These values are expressed as percentages of the reference fre-
quency. The values in parentheses are conversions to semitones.

Experiment 2

Condition P-FOhigh P-FOmid P-FOlow
Reference 250 Hz 125 Hz 62.5 Hz
Mean A 5.8 (1.0) 9.6 (1.6) 32.3 (4.9)
s.d. 9.2 (1.5) 9.6 (1.6) 22 (3.4)

pared, by means of student ¢ tests, the d’ slopes of the ex-
perimental data (Fig. 2) to the predicted slope. It appeared
that the model significantly outperformed listeners for con-
dition L but was significantly outperformed by listeners for
condition P-R (P <0.025, one-tailed tests).

That the ideal observer model outperformed listeners in
condition L can be easily accounted for, by assuming for
instance that listeners were unable to achieve optimal perfor-
mance because their memory was not perfect. In condition
P-R, however, listeners were more efficient than the ideal
observer. This seemingly paradoxical finding shows that the
most important assumption of the model does not hold: the
high performance of listeners in the P-R condition cannot be
based on independent processing of the elements of the se-
quences. Instead, listeners had to use sequence-specific
mechanisms in this condition.

IV. EXPERIMENT 2: EFFECT OF FREQUENCY
REGION AND HARMONIC RESOLVABILITY

In Experiment 1, complex tones were filtered in different
frequency regions to produce resolved or unresolved har-
monics. Resolvability was therefore confounded with fre-
quency region, which could have influenced pitch processing
by itself (Meddis and O’Mard, 1997; Pressnitzer et al.,
2001). Experiment 2 controlled for this possibility by ma-
nipulating resolvability within a fixed frequency region.

A. Method

As in Experiment 1, band-pass filtered click trains were
used. The pass-band was fixed here between 1375 and 1875
Hz. There were three pitch conditions, with reference FOs of
250, 125, and 62.5 Hz. They were, respectively, termed
P-FOhigh, P-FOmid, and P-FOlow. Again, our choice of the
stimulus parameters was motivated by observations of
Shackleton and Carlyon (1994). They found low frequency
difference limens for P-FOhigh, suggesting that spectral com-
ponents would be resolved in this case. In contrast, differ-
ence limens were poor for P-FOlow, suggesting that spectral
components would be unresolved in this case. Results for
P-FOmid were intermediate, with some variability across
subjects.

The tones were mixed with pink noise and all other ex-
perimental details were as in Experiment 1, except that here
only two values of N were used: 1 and 4. The A values are
displayed in Table II. Five listeners with no self-reported
hearing disorder participated (mean age=24.4, SD=3.4,
three female). Musical training was evaluated as in Experi-
ment | and quantified by the number of years of musical
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FIG. 4. Results of Experiment 2. (Left) Mean and standard error of d’ for
each FO condition as a function of N (P-FOhigh: black circles; P-FOmid: dark
gray circles; P-FOlow: light gray circles). (Right) Individual data for the d’
slope in the P-FOmid condition, plotted against d’ slope for P-FOhigh (black
diamonds) or d’ slope for P-FOlow (light gray diamonds). The size of the
markers indicates musical experience as in Fig. 2.

practice (mean=4.8, SD=6.2; two participants with no mu-
sical training, two with less than 10 years, and one with more
than 10 years).

B. Results and discussion

The left panel of Fig. 4 displays the mean results. A
repeated-measures ANOVA revealed a significant interaction
between N and FO [F(2,8)=10.77, P=0.0053], in addition
to main effects of N [F(1,4)=17.84, P=0.013] and FO
[F(2,8)=6.19, P=0.023]. The hypothesis tested by the ex-
periment was that performance would be degraded in the
case of unresolved harmonics. To test for this, post-hoc
analyses (Fisher LSD) were performed. For N=4, perfor-
mance was significantly better for P-FOhigh than for
P-FOlow (P=0.00018); performance for P-FOmid was inter-
mediate, significantly poorer than for P-FOhigh (P=0.0035)
and significantly better than for P-FOlow (P=0.041). No sig-
nificant differences were found across conditions for N=1. It
can also be seen in Fig. 4 that when N varied from 1 to 4,
performance was essentially unchanged for P-FOhigh but de-
cayed in the other two conditions.

Individual d’ slopes for this experiment are shown in the
right panel of Fig. 4. For most listeners, the d’ slopes were
larger for P-FOmid than for P-FOhigh, and smaller for
P-FOmid than for P-FOlow. There was no obvious effect of
musicianship on the pattern of results.

In Experiments 1 and 2, performance with pitch se-
quences appears to be determined by the rank of the lowest
harmonic present in the pass-band of the stimulus (Ry;,) rather
than by the absolute frequency region. Poor performance was
observed in Experiment 1 for a high frequency region (lower
limit: 3.9 kHz) and a Ry, of 32. A similarly poor performance
was observed in Experiment 2 for a medium frequency range
(lower limit: 1.375 kHz) but a Ry, which was again very high
(22). In Experiment 2, performance was good even when
relatively high harmonics were used (P-FOhigh condition,
Ry,=6). Estimates of resolution based on hearing out indi-
vidual harmonics would fail with such stimuli (Plomp, 1964,
Moore, 1973). However, a large number of studies based on
frequency difference limens find a transition region from
good to poor performance between the 10th and 13th har-
monics (Houtsma and Smurzynski, 1990; Shackleton and
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Carlyon, 1994; Bernstein and Oxenham, 2003; de Cheveigné
and Pressnitzer, 2006). It is therefore likely that at least some
of the harmonics of the P-FOhigh condition were resolved.
For the P-FOmid condition, Ry, was 11, which is within the
transition region for estimates of resolvability based on dif-
ference limens (Shackleton and Carlyon, 1994). The small
but significant pitch advantage that we observed in this con-
dition could be due to partial resolvability of the lower har-
monics of the stimuli.

Moore and Rosen (1979) showed that listeners are able
to recognize familiar melodies produced by varying the pitch
of unresolved complexes. The condition in which they ob-
served best performance (2 kHz highpass filtering and FO
between 100 and 200 Hz) resembles the P-FOmid condition
of the present experiment, for which we also found evidence
of an advantage for pitch sequences. In another condition
which resembles the P-U condition of Experiment 1 (4 kHz
highpass filtering), Moore and Rosen (1979) found that rec-
ognition performance degraded significantly. The two sets of
results are thus consistent if one considers the different pos-
sible definitions of resolvability: pitch sequences may be
processed efficiently when composed of tones with harmon-
ics that cannot be heard out individually (Plomp, 1964) but
for which there is evidence of at least partial peripheral re-
solvability (Shackleton and Carlyon, 1994; Bernstein and
Oxenham, 2003).

In summary, here and in Experiment 1, performance
with pitch sequences was better when at least some of the
harmonics of the stimuli were partially resolved than when
all harmonics were clearly unresolved.

V. EXPERIMENT 3: EFFECT OF FREQUENCY AND
AMPLITUDE ROVE

The previous experiments used the same two elements
for all sequences, which were presented in blocks of 50 con-
tiguous trials. It is conceivable that listeners could have
memorized the absolute values of each attribute within the
block, which could in turn interfere with sequence process-
ing. We tested for this possibility by applying a random rove
on the dimension tested within each block. From trial to trial,
the reference value of FO for pitch sequences and SPL for
loudness sequences was randomly varied. The two sequences
within a trial still had identical reference tones, as in Experi-
ment 1.

A. Method

The sequences were similar to those of Experiment 1.
However, only conditions P-R and L were used and the
maximum value of N was 4. We chose to adjust the A value
for each condition and listener without any rove (the A val-
ues are displayed in Table III). Then, a first series of four
blocks of 50 trials was run with the A value selected and
N=1, for each listener and condition, in order to check for
equal discriminability without rove. In subsequent blocks,
roving was applied. For pitch sequences, the reference FO on
a given trial was randomly chosen between 125 Hz and
125 Hz+2A. For loudness sequences, the reference SPL was
randomly chosen between 65 dB and 65 dB+2A. The
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TABLE III. Means and standard deviations of the A values used in Experi-
ments 3 and 4. These values are expressed as percentages of the reference
frequency or sound pressure. The values in parentheses are conversions to
semitones (P-R condition) or dB (L condition).

Experiments 3 and 4

Condition P-R L
Reference 125 Hz 65 dB
Mean A 1.27 (0.2) 28.16 (2.2)
s.d. 0.38 (0.1) 6.74 (0.6)

amount of roving was thus aimed to be comparable across
attributes and listeners. We measured discriminability for
roved sequences with N=1, 2, and 4 elements in interleaved
blocks of 50 trials (four blocks per condition and listener).
Six listeners with no self-reported hearing impairment par-
ticipated (mean age=24.0, SD=2.2, four female). Musical
training was evaluated as in Experiment 1 and quantified by
the number of years of musical practice (mean=9.7, SD
=8.5; one participant with no musical training, three with
less than 10 years, and two with more than 10 years). All
listeners also participated in Experiment 4 (described below).
Half of the subjects started by Experiment 3 and the other
half by Experiment 4.

B. Results and discussion

The left panel of Fig. 5 displays the mean results. The
preliminary adjustment phase was satisfactory: a paired
sample t-test revealed no significant difference between P-R
and L for N=1, no rove (P=0.5). For the data with rove,
performance was globally lower than in Experiment 1, where
no rove was applied. The pattern of the results, however, was
highly similar, with an advantage of P-R over L as sequences
increased in length. A repeated-measures ANOVA revealed a
significant effect of N [F(2,10)=6.86, P=0.003] and a sig-
nificant interaction between N and condition [F(2,10)
=7.29, P=0.01]. The right panel of Fig. 5 displays the in-
dividual d’ slopes. All but one listener displayed a pitch ad-
vantage. The largest pitch advantage was observed for a par-
ticipant with no musical training, but large effects were also
observed for musicians.

It is not surprising that roving should degrade overall
performance. Discrimination tasks involving pitch (Harris,

1 2 4 0 0.5 1
# of elements (N) d’ slope P-R

FIG. 5. Results of Experiment 3. (Left) Mean and standard error of d’ in
conditions P-R (black circles) and L (white squares) as a function of N, with
rove. The disconnected symbols show mean and standard error of d’ for
N=1, with the same A values but without rove. (Right) Individual data for
the d’ slope in the P-R condition, plotted against d” slope for L. The size of
the markers indicates musical experience as in Fig. 2.
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1948; Demany and Semal, 2005; Ahissar et al., 2006) or
loudness (Oxenham and Buus, 2000) always result in poorer
performance with roving than without. Many factors may
explain this finding, including perceptual learning (Demany
and Semal, 2002) or stimulus uncertainty (Watson et al.,
1976). Importantly, in our case, performance was equally
degraded by roving for pitch and loudness. As a result, rov-
ing did not change the main features of the results and the
advantage for pitch sequences was replicated. In Experiment
1, therefore, the possibility of memorizing the sequence ele-
ments across trials was not the cause of the observed advan-
tage of pitch sequences over loudness sequences.

VI. EXPERIMENT 4: EFFECT OF TRANSPOSITION

In all experiments reported so far, the two sequences
presented on a given trial were built from the same pair of
tone elements. Absolute cues for each attribute were thus
potentially available within a trial. In musical situations, by
contrast, melodies may be transposed; that is, the same se-
quence of pitch intervals may be presented with different
starting frequencies (Dowling and Harwood, 1986). Listen-
ers are able to recognize transposed melodies, but the task
becomes increasingly difficult if the melody is unfamiliar
and if contour cues are not affected (Dowling and Fujitani,
1971; Kidd and Watson, 1996). Recently, it has also been
shown that listeners are able to recognize transposed loud-
ness sequences (McDermott ef al., 2008). In this final experi-
ment, we introduce transpositions in the pitch or the loudness
domain, in order to investigate whether the pitch-sequence
advantage remains with transposed material.

There is, however, a fundamental limitation with intro-
ducing transposition in our task: a same/different task with
only one element and transposition is not possible. It is there-
fore impossible to control for performance at N=1, which
was a strong prerequisite for each of the experiments re-
ported above.

A. Method

The stimuli were similar to those of Experiments 1 and
3, but N had only two possible values: 2 and 4. Only condi-
tions P-R and L were tested. As mentioned above, the sub-
jects were the same as in Experiment 3. A also had the same
values as in Experiment 3 (displayed in Table III). In the first
sequence presented on each trial, the reference tone had an
FO of 125 Hz and a SPL of 65 dB. In the second sequence,
the reference FO was changed to 125 Hz+2A for condition
P-R and the reference SPL was changed to 65 dB+2A for
condition L. Again, this was aimed at introducing compa-
rable amounts of transposition across listeners and condi-
tions.

B. Results and discussion

Mean results are shown in the left panel of Fig. 6. Trans-
position clearly had a deleterious effect since performance
was generally quite poor: d’ was always close to 0.5, except
when N was equal to 4 in condition P-R. A repeated-
measures ANOVA revealed that the main effects of condition
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FIG. 6. Results of Experiment 4. (Left) Mean and standard error of d’ in
conditions P-R (black circles) and L (white squares) as a function of N.
(Right) Individual data for the d’ slope in the P-R condition, plotted against
d’ slope for L. The size of the markers indicates musical experience as in
Fig. 2.

and N were not significant, but that the interaction between
the two factors was marginally significant [F(1,5)=5.5, P
=0.06]. Post-hoc tests (Fisher LSD) indicated that perfor-
mance was significantly better in condition P-R than in con-
dition L for N=4 (P=0.017), whereas there was no signifi-
cant difference between the two conditions for N=2 (P
=0.87).

Individual data are shown on the right panel of Fig. 6.
Only two listeners out of six, a musician and a non-musician,
showed a strong pitch advantage. For the other four listeners,
the d’ slopes were generally small. However, all six listeners
consistently showed negative slopes in the pitch condition,
which was not the case for loudness.

The fact that transposition made the comparison be-
tween pitch sequences more difficult is in line with previous
data obtained with unfamiliar melodies (Dowling and Fuji-
tani, 1971). Moreover, Kidd and Watson (1996) reported that
the adverse effect of transposition was already substantial
when the amount of transposition was modest and the trans-
position interval was constant from trial to trial, as in the
present experiment. We also observed that longer sequences
(N=4) showed improved performance compared to short se-
quences (N=2), corresponding to negative d’ slopes. This is
again consistent with results of Kidd and Watson (1996),
who found better performance for changes embedded in se-
quences of five elements than for changes embedded in se-
quences of two elements. They interpreted this finding by
remarking that a change in the pitch of a single tone modifies
two consecutive pitch intervals if and only if the tone that
changes is surrounded by two other tones. When only rela-
tive information is relevant (which is the case in the presence
of a transposition), this predicts an increase in performance
for sequences with more than two elements.

In our L condition, performance was close to the chance
level for each value of N. This suggests that contour cues are
not available for the discrimination of loudness sequences.
McDermott er al. (2008) suggested the opposite, but in their
study the loudness changes taking place from tone to tone
were larger than in our study. It seems likely that human
listeners are sensitive to relative loudness only for rather
large loudness changes.

VIl. GENERAL DISCUSSION

The following conclusions can be drawn from our data:
(1) pitch sequences are processed more efficiently than loud-
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ness sequences, (2) the discriminability of pitch sequences is
better than predicted from independent processing of their
individual elements, (3) the perceptual advantage of pitch
sequences over loudness sequences requires that resolved
harmonics be available, (4) this advantage does not depend
on the familiarity of the sequence elements, and (5) trans-
posed sequences are less efficiently compared than non-
transposed sequences, but transposition does not abolish the
advantage of pitch sequences for sequences of more than two
elements.

A first possible explanation for the advantage of pitch
sequences would be that pitch has access to a specific and
efficient short-term memory store. However, one key aspect
of our data is not consistent with this interpretation. Here,
resolved harmonics were required to support high perfor-
mance, whereas short-term pitch memory seems to have the
same temporal characteristics for resolved and unresolved
harmonics when differences are adjusted in discriminability
(Clément et al., 1999). Also, listeners outperformed the ideal
observer model which had perfect memory.

Another explanation is that superior performance for the
pitch of resolved harmonics could be caused by a greater
familiarity with such sequences compared to sequences of
unresolved harmonics or loudness. In this case, musically
experienced listeners who have received extensive training
with pitch sequences should show a larger advantage. An
effect of musicianship was observed in the initial discrim-
inability adjustment step, but it was present for all dimen-
sions tested. In the main experiment, when the discriminabil-
ity of individual elements was factored out, musicians did
not display any increased advantage for pitch-sequence pro-
cessing.

A more likely explanation is that the advantage is based
on the recruitment of an additional mechanism to encode
pitch sequences. There are different strands of evidence for
the existence of such a mechanism. Brain imaging studies
showed that secondary auditory regions in the right hemi-
sphere respond more strongly to melodies with pitch changes
than to sequences of tones with a fixed pitch (Patterson et al.,
2002; Hyde et al., 2008). Neuropsychological studies have
shown that lesions lateralized in the right auditory cortex can
impair the sensitivity to frequency-shift direction without im-
pairing absolute frequency discrimination (Johnsrude er al.,
2000). Behavioral data indicate that listeners can consciously
perceive an upward or downward pitch shift between two
consecutive pure tones even when they did not hear out the
first tone because it was fused in a complex chord (Demany
and Ramos, 2005; Demany et al., 2008). The latter result has
been interpreted as evidence for automatic frequency-shift
detectors (FSDs).

A mechanism based on FSDs can account for most of
our findings. First, since FSDs detect shifts in frequency,
they should not be activated by amplitude shifts, consistent
with the results of Experiment 1. Second, the fact that FSDs
identify by definition a relation between tonal elements is
consistent with the refutation, by our ideal observer simula-
tion, of the element-independence assumption for pitch se-
quences consisting of resolved harmonics. Third, behavioral
evidence for the FSDs only exists for spectral shifts, that is,
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shifts of resolved spectral components. The poorer perfor-
mance we observed with stimuli consisting of unresolved
components suggests that there are no equivalent periodicity-
shift detectors (see also Demany and Semal, 2008).

The FSD hypothesis may provide a low-level basis for
the long-standing observation that contour is an essential cue
to melody recognition (White, 1960; Dowling and Fujitani,
1971). There are differences between our task and realistic
musical situations, however. Because we aimed at equating
strictly all aspects of the task that were not directly related to
sequence processing, a single interval between elements of
the sequences was used in all conditions and this interval
was close to threshold. Within these constraints, we found
evidence for a contour-extraction mechanism in pitch se-
quences only. Consistent with previous findings (Kidd and
Watson, 1996), we also observed that even a modest amount
of transposition had a strong deleterious effect on sequence
discrimination. This may seem contradictory with a relative,
contour-extraction mechanism, as well as with recent obser-
vations that pitch and loudness sequences can be recognized
after transposition (McDermott et al., 2008). McDermott et
al. (2008) used acoustic changes not matched in discrim-
inability and much larger than the ones used in our experi-
ments. Using smaller changes, Moore and Rosen (1979)
failed to find any evidence for contour recognition with loud-
ness sequences. All of these observations may be reconciled
if one assumes two distinct steps in any contour-matching
task: (1) a sensory encoding stage, where absolute and rela-
tive cues may be pooled, followed by (2) a decision stage. If
transposition introduces a fixed amount of noise in the deci-
sion stage, consistent with the observation of Kidd and Wat-
son (1996) that transposition produces essentially the same
impairment over a wide range (from 2 to 12 semitones), then
this noise will swamp small differences at the sensory encod-
ing stage, as in our experiment, but it will be overcome by
large differences, as investigated by McDermott er al. (2008)
and as used in realistic musical melodies. To test for this
hypothesis, further experiments are required where the steps
on each dimension are larger than in the present series of
experiments, but still controlled for equal discriminability
across dimensions.

Sensory encoding of pitch contour by means of FSDs
may be one of the several mechanisms that “make” a
melody, especially as it may occur without attention (De-
many and Ramos, 2005). This hypothesis has important im-
plications for hearing-impaired listeners. Cochlear implant
users, for instance, hear through a device that directly stimu-
lates the auditory nerve, but with a limited number of fre-
quency channels that, to date, cannot transmit resolved har-
monics. While speech intelligibility in quiet can be high,
music listening is more challenging. In particular, melody
recognition is poor (Kong er al., 2004; Pressnitzer et al.,
2005; Cooper et al., 2008). Providing the necessary cues for
automatic contour encoding may help to improve music per-
ception with such devices.
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