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Pitch and timbre

Pitch is perceptual frequency: the 
frequency of a sine wave with the same 
perceptual pitch.

• Often equal to the rate of the 
repetition

• Pitch is only defined for relatively fast 
repetitions (>20-50 Hz)

• Slower repetitions are perceived as a 
distinct sequence of sounds

- in speech: sequence of phonemes
- in music: sequence of notes
- within these sounds, pitch can be 

perceived

2

Timbre is the part that is repeated

• These characterize the resonances of 
the vibrating source and its acoustical 
enclosure.

• Loudness is not timbre, nor is 
position, but almost everything else is.

Two vowels with the same pitch
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More examples

Topographic organization is essential for pitch perception
Shihab A. Shamma*
Department of Electrical Engineering and Institute for Systems Research, University of Maryland, College Park, MD 20742

P itch is the perceptual attribute
we associate most with melodies
in music, patterns of bird songs,
and the distinctions between

speakers’ voices. It plays a key role in
the organization, segregation, and iden-
tification of sound sources in cluttered
auditory scenes because it is derived
from acoustic cues that closely reflect
the material and geometric properties of
resonating objects. Pitch has been the
subject of intensive psychoacoustic stud-
ies for well over a century. In recent
decades, physiological investigations in
humans and animals have attempted to
locate and understand the biological
substrate underlying pitch perception at
various levels of the auditory nervous
system. However, despite all efforts, a
deep understanding of the mechanisms
that give rise to the pitch percept re-
mains elusive. This uncertainty has gen-
erated passionate debates between the
proponents of two very different theo-
ries of pitch, one based on the place or
location of neural activation patterns,
and the other on their temporal modula-
tions. This state of affairs is now likely
to change dramatically in favor of the
place theories with the publication of
results of intricately designed psy-
choacoustic experiments by Oxenham
et al. (1) reported in this issue of PNAS.

There is universal agreement that
pitch is basically a correlate of the peri-
odicity of a sound waveform. The sim-
plest such waveform is the pure tone
(Fig. 1A); it is composed of a single si-
nusoid that gives rise to a pitch percept
correlated with the frequency (or peri-
odicity) of the sinusoid. A richer percept
results when a complex periodic wave-
form is composed of several tones that
are harmonically related, i.e., are integer
multiples of a common fundamental fre-
quency (Fig. 1B). Such a waveform
evokes a salient and unified sense of
pitch that we typically associate with the
fundamental frequency regardless of the
relative amplitudes of the harmonics,
their dynamics, and even whether the
fundamental component itself is physi-
cally present or missing. For example,
the perceived pitch of A3 is the same
(440 Hz) whether produced by a piano,
violin, or a soprano because all emanat-
ing waveforms share the same funda-
mental periodicity. The distinctive tim-
bre of each sound is primarily related to
the relative amplitudes and dynamics of
the harmonic components (Fig. 1C).

The universal agreement on the na-
ture of pitch vanishes at the first syn-
apse of the auditory system when one
delves into the question of how the au-
ditory system computes from sound pe-
riodicity (or, equivalently, harmonicity)
the pitch. The reason is that the cochlea
of the inner ear acts much like a fre-
quency analyzer, directing the harmonic
components to excite separate, relatively
confined, and frequency-ordered places

along its length, hence creating the
tonotopic or frequency axis of the audi-
tory system. Because the resulting neu-
ral activation pattern induced on the
auditory nerve is uniquely related to
fundamental frequency of the sound, it
is readily conceivable that pitch can be
derived by a pattern identification stage,
for instance, one that finds the ideal
harmonic pattern that best matches that
of the incoming sound (Fig. 2A). This
scheme would work even if the funda-
mental and!or some of the higher har-
monics were missing. In fact, numerous
other implications of this hypothesis
have been thoroughly tested and con-
firmed over many decades, and conse-

quently it is now well known as the
spectral or ‘‘place’’ theory of pitch (2–4).

This would have been the sole theory
of pitch were it not for the unique abil-
ity of the auditory system to encode in-
formation about the frequency content
of a signal by an alternative parallel
means. Specifically, a tone not only ex-
cites the auditory nerve at a particular
place but also induces a neural response
that is modulated temporally at a rate
that equals the frequency of the tone.
These modulations occur up to fairly
high rates in mammals, somewhat coin-
ciding with the full pitch range (4,000
Hz). Consequently, a harmonic pattern
is conveyed to the central auditory sys-
tem both by its pattern of activation in
place and by pattern of modulations in
time (Fig. 2B). With the emergence of
the ‘‘temporal’’ theory of pitch during the
last decade, a hot debate has ensued on
whether the central auditory system ex-
ploits place or temporal cues to derive
pitch, and what biologically plausible
mechanisms could perform these com-
putations. This debate has largely been
fueled by the remarkable lack of clear
biological evidence in support of either
theory.

Against the backdrop of this contro-
versy come the ingenious experiments
by Oxenham et al. (1) to offer a simple
unambiguous test of the two theories.

See companion article on page 1421.

*E-mail: sas@isr.umd.edu.

© 2004 by The National Academy of Sciences of the USA

Fig. 1. Time waveforms and!or spectra. (A) Single (pure) tone at a frequency of 125 Hz. (B) Three
harmonically related tones with a fundamental frequency of 125 Hz (125, 250, and 375 Hz). (C) Schematic
spectra of A3 played on a violin and a piano. Both spectra have the same fundamental frequency (440 Hz)
and hence are perceived at the same pitch. The amplitudes of the harmonic components are quite
different between the two instruments, giving rise to their distinctive timbres.

Pitch can be
derived by pattern
recognition on the

auditory nerve.

1114–1115 " PNAS " February 3, 2004 " vol. 101 " no. 5 www.pnas.org!cgi!doi!10.1073!pnas.0307334101
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Other properties of pitch and timbre

• Onsets and offsets affect timbral qualities

• Only need a limited number of repetitions

• in studies of musical note perception as few as two repetitions can elicit a clear 
pitch percept

• Transient sounds (ie non-repetitive) can have timbral qualities, but not pitch

• Percussive sounds (eg drums) can have fairly clear pitch without repetitive 
excitation because of an approximately periodic waveform

• Periodic sounds can have perceived pitch different from the repetition rate

4
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Eight signals with the same low pitch

• clicks 200 times per second

- has low pitch very close to 200 Hz pure tone
- contains harmonics with frequencies of 200, 

400, 600, 800, etc Hz
- can filter to remove 200 Hz, pitch unchanged, 

timbre slightly different
- can even eliminate all but 1800, 2000, 2200, 

low pitch remains, timbre very different
- low pitch is present even when masked by 

low freq noise

• low pitch is called “residue”

- also called “periodicity pitch”, “virtual pitch”, 
and “low pitch”

- perception of residue pitches are what we 
normally hear when we listen to complex 
tones

• Theories of residue pitch

- pattern recognition models
- time interval models

5
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Pitch is not the frequency of the amplitude envelope

• top signal: 800/1000/1200 Hz
- perceived pitch: 200 Hz

• second signal: 700/900/1100 Hz
- perceived pitch: ~175 and 233 Hz

• perceived pitch is closer to fine time 
scale intervals

6
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Place theories of pitch perception

7
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Cochlear representations

8



Michael S. Lewicki ◇ Carnegie MellonCP08: Auditory Structure 2

Cochlear representations
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Examples of simulated cochlear output
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Explaining perception of multiple pitches

11
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• Cochlear filters are narrow enough 
to resolve partially at least up to the 
fourth or fifth harmonic of a complex 
sound

• Spectral profiles computed by non-
spatial algorithms can resolve up to 
30 harmonics

Limits of harmonic resolution

12
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Map of pitch space
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Calculating periodicity: the correlogram

14
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• /i/ vowel [ee]

• /u/ vowel [oo]

• three tone harmonic complex

• three tone inharmonic complex

Correlograms

15



Michael S. Lewicki ◇ Carnegie MellonCP08: Auditory Structure 2

Slaney-Lyon pitch model

16
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Spectral representation of timbre

17

Average localized synchronous rate (Young and Sachs, 1979)
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Saturation of nerve fibers

18

• How could the model account for 
saturating responses when harmonics 
cannot be resolved?
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Lateral inhibitory network

19
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Estimating pitch with an idealized spike code
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Tracking pitch over time
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Temporal vs place theory of pitch

The design of the experiments over-
comes a difficult conceptual hurdle:
How can one manipulate the closely in-
tertwined spectral and temporal cues
independently of each other, so as to
monitor their effects on the perceived
pitch? The logic of the experiments is
based on the fact that the two theories
ascribe starkly different assessments of
the importance of the two types of cues.
In the extreme formulation of the place
theory, the temporally modulated re-
sponses are unnecessary and are not
used at all in evaluating the pitch. By
contrast, in the temporal theory, the
location of the modulated responses
along the tonotopic axis is immaterial to

the derived pitch. Therefore, if one
could arbitrarily displace the temporally
modulated responses from their ‘‘nor-
mal’’ tonotopic locations without chang-
ing the modulation rates in any way, one
could test directly whether the perceived
pitch is seriously disrupted, as the place
theory would predict, or whether it re-
mains unaltered, as the temporal theory
asserts.

To accomplish this manipulation and,
for instance, move a 125-Hz modulation
from its regular place in the cochlea to
a faraway place, e.g., to the location
normally reserved for a 4-kHz tone (Fig.
2B), Oxenham et al. used a clever tech-
nique proposed originally by van de Par

and Kohlrausch (5) and used recently by
Les Bernstein (6) to study the role of
temporal signals in binaural sound local-
ization. The technique is to impose the
125-Hz modulation on a high-frequency
carrier tone (4-kHz), much as speech is
carried by AM radio signals. When the
ear receives this modulated high-fre-
quency carrier, it directs it to the 4-kHz
place, where it becomes subsequently
demodulated at the cochlea!nerve inter-
face, resulting in low-frequency modu-
lated responses on the nerve. Bernstein
(6) and Oxenham et al. (1) confirm this
scenario and the integrity of the low-
frequency modulations by demonstrating
that they in fact are induced at their
new places with sufficient fidelity to
serve accurate binaural localization
(Experiment 1).

Oxenham et al. (1) then proceed to
the heart of this study to demonstrate
that transposing temporally modulated
waveforms to arbitrary tonotopic loca-
tions has a severe impact on the per-
ceived pitch. Subjects were largely un-
able to compare the pitch of the
transposed stimuli to those of regular
harmonics (Experiment 2), nor were
they able to assign them a clear pitch
value by matching it to the frequency of
a pure tone (Experiment 3). These re-
markably clean results strongly argue in
favor of a fundamental role for tono-
topic place in the computation of pitch.
Furthermore, if temporal cues are in-
volved, they must be somehow intrinsi-
cally linked to the correct place.

This elegantly simple and intellectu-
ally compelling study goes a long way
toward clarifying the constraints that a
valid theory of pitch must satisfy. Its
results also are consistent with conclu-
sions of a series of other recent studies
that have highlighted the shortcomings
of the temporal theory in explaining the
pitch of resolved versus unresolved har-
monics (7, 8) and the perception of reg-
ularity in periodic and random click
trains (9). The results of the Oxenham
et al. (1) experiments are sure to inten-
sify the search for the biological sub-
strate of pitch, and to provide further
impetus for a clearer understanding of
the role of place and time in auditory
perception.

1. Oxenham, A. J., Bernstein, J. G. W. & Penagos,
H. (2004) Proc. Natl. Acad. Sci. USA 101, 1421–
1425.

2. Goldstein, J. (1973) J. Acoust. Soc. Am. 54,
1496–1516.

3. Terhardt, E. (1979) Hear. Res. 1, 155–182.

4. Wightman, F. (1973) J. Acoust. Soc. Am. 54,
397–406.

5. van de Par, S. & Kohlrausch, A. (1997) J. Acoust.
Soc. Am. 101, 1671–1680.

6. Bernstein, L. (2001) J. Neurosci. Res. 66, 1035–
1046.

7. Bernstein, J. & Oxenham, A. (2003) J. Acoust. Soc.
Am. 113, 3323–3334.

8. Carlyon, R. (1998) J. Acoust. Soc. Am. 104, 1118–
1121.

9. Kaernbach, C. & Demany, L. (1998) J. Acoust. Soc.
Am. 104, 2298–2306.

Fig. 2. Schematic of the place theory and the temporal theory of pitch. (A) Pitch theories. The pattern
of activation evoked by a three-harmonic stimulus (125, 250, and 375 Hz) on the auditory nerve. The place
theory assumes that the neural response pattern across the tonotopic axis (white dashed line) is compared
with the patterns from a bank of harmonic templates stored in the central auditory system. Pitch is then
assigned to the fundamental of the best-matching template. The temporal theory postulates that first the
response periodicity is measured in parallel in all auditory-nerve channels. The pitch is then evaluated by
pooling the measurements and selecting the fundamental period common to all channels (or the least
common period). (B) Predictions of the place and temporal theories of the pitch of the transposed stimuli.
Because the spectral pattern of these stimuli does not resemble that of any harmonic pattern, the place
theory predicts no particular clear pitch percept. The temporal theory predicts an unaltered pitch percept
because the temporal modulations remain well represented in the transposed tones.

Shamma PNAS " February 3, 2004 " vol. 101 " no. 5 " 1115
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The design of the experiments over-
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How can one manipulate the closely in-
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independently of each other, so as to
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topic place in the computation of pitch.
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volved, they must be somehow intrinsi-
cally linked to the correct place.

This elegantly simple and intellectu-
ally compelling study goes a long way
toward clarifying the constraints that a
valid theory of pitch must satisfy. Its
results also are consistent with conclu-
sions of a series of other recent studies
that have highlighted the shortcomings
of the temporal theory in explaining the
pitch of resolved versus unresolved har-
monics (7, 8) and the perception of reg-
ularity in periodic and random click
trains (9). The results of the Oxenham
et al. (1) experiments are sure to inten-
sify the search for the biological sub-
strate of pitch, and to provide further
impetus for a clearer understanding of
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Fig. 2. Schematic of the place theory and the temporal theory of pitch. (A) Pitch theories. The pattern
of activation evoked by a three-harmonic stimulus (125, 250, and 375 Hz) on the auditory nerve. The place
theory assumes that the neural response pattern across the tonotopic axis (white dashed line) is compared
with the patterns from a bank of harmonic templates stored in the central auditory system. Pitch is then
assigned to the fundamental of the best-matching template. The temporal theory postulates that first the
response periodicity is measured in parallel in all auditory-nerve channels. The pitch is then evaluated by
pooling the measurements and selecting the fundamental period common to all channels (or the least
common period). (B) Predictions of the place and temporal theories of the pitch of the transposed stimuli.
Because the spectral pattern of these stimuli does not resemble that of any harmonic pattern, the place
theory predicts no particular clear pitch percept. The temporal theory predicts an unaltered pitch percept
because the temporal modulations remain well represented in the transposed tones.
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Transposing stimuli to have same temporal pitch

HD580 circumaural headphones (Sennheiser, Old Lyme, CT) in
a double-walled sound-attenuating chamber.

Experiment 1. This experiment compared the abilities of human
subjects to discriminate small frequency differences and inter-
aural time differences (ITDs) in pure tones and in transposed
tones. Four young (!30 years old) adult subjects with normal
hearing participated. The two sets of conditions (frequency
differences and ITDs) were run in counterbalanced order.
Within each set, conditions were run in random order. Subjects
received at least 1 h of training in each of the two tasks. The
500-ms stimuli (pure tones and transposed tones, generated as
illustrated in Fig. 1) were gated with 100-ms raised-cosine onset
and offset ramps and were presented binaurally over headphones
at a loudness level of 70 phons (31). A low-pass filtered (600-Hz
cutoff) Gaussian white noise was presented with the transposed
stimuli at a spectrum level 27 dB below the overall sound
pressure level of the tones to prevent the detection of low-
frequency aural distortion products. Thresholds in both tasks
were measured adaptively by using a 2-down 1-up tracking
procedure (32) in a three-interval, three-alternative forced-
choice task. In each three-interval trial, two intervals contained
the reference stimulus, and the other interval (chosen at ran-
dom) contained the test stimulus. For the frequency discrimi-
nation task, the test interval contained a stimulus with a higher
(modulator) frequency than the reference stimulus. Pure-tone
frequencies between 55 and 320 Hz in roughly one-third octave
steps were tested. The transposed-tone carrier frequency of 4,
6.35, or 10.08 kHz was modulated with the same frequencies as
were used for the pure tones. For the ITD task, all three intervals
contained tones at the same frequency, but the reference
intervals contained a stimulus with no ITD, whereas the test
interval contained a stimulus with an ITD (right ear leading).
The stimuli in both ears were always gated on and off synchro-
nously, so that the ITD was only present in the ongoing portion
of the stimulus, not in the onset or offset ramps. Again, pure-tone
frequencies between 55 and 320 Hz were tested. However, as the
ITD condition was essentially a replication of an earlier study
(29) undertaken in the same subjects who completed the fre-
quency-discrimination task, only one carrier frequency (4 kHz)
was used for the transposed tones. Visual feedback was provided

after each trial in all tasks. Individual threshold estimates were
based on three repetitions of each condition.

Experiment 2. This experiment examined the ability of subjects to
extract the F0 from three upper harmonics (harmonics 3–5) by
requiring them to perform a two-interval F0 discrimination task,
where one interval contained only the frequency component at
F0 and the other interval contained only the three upper
harmonics. Four different young (!30 years old) adult normal-
hearing subjects participated in this experiment. In each two-
interval trial, the subjects were instructed to select the interval
with the higher F0. The stimuli were either pure tones or
transposed tones. For the transposed stimuli in the three-tone
case, harmonics 3, 4, and 5 were used to modulate carrier
frequencies of 4, 6.35, and 10.08 kHz, respectively; in the
transposed single-tone case, all three carrier frequencies were
modulated with the same frequency (the F0). A two-track
interleaved adaptive procedure was used to measure thresholds.
In one track, the upper harmonics had a higher F0 than the
frequency of the single tone; in the other track, the single tone
had a higher frequency than the F0 of the upper harmonics. The
lower and upper F0s were geometrically positioned around a
nominal reference frequency of 100 Hz, which was roved by
"10% on each trial. Thresholds from the two tracks were
combined to eliminate any potential bias (33). The 500-ms
equal-amplitude tones were gated with 100-ms raised-cosine
ramps and were presented at an overall sound pressure level of
#65 dB. All stimuli were presented in a background of bandpass-
filtered (31.25–1,000 Hz) pink noise at a sound pressure level of
57 dB per third-octave band to mask possible aural distortion
products. Visual feedback was provided after each trial. Each
reported threshold is the mean of six individual threshold
estimates.

Experiment 3. The purpose of this experiment was to produce
direct estimates of the perceived pitch produced by upper
harmonics consisting of either pure tones or transposed tones.
Pitch matches were measured for the same stimuli as in exper-
iment 2 by using three of the four subjects from that experiment;
the fourth subject was no longer available for testing. Sequential
pairs of stimuli were presented, in which the first was fixed and

Fig. 1. Schematic diagram of a pure tone (Upper) and a transposed tone (Lower). The transposed tone is generated by multiplying a high-frequency sinusoidal
carrier with a half-wave rectified low-frequency sinusoidal modulator. As a first-order approximation, the peripheral auditory system acts as a half-wave rectifier
(HWR) and low-pass filter (LPF), so that the temporal representations of both the low-frequency (LF) pure tone and the high-frequency (HF) transposed tone are
similar.

1422 ! www.pnas.org"cgi"doi"10.1073"pnas.0306958101 Oxenham et al.

from Oxenham and Bernstein (2004) 
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Subjects show frequency but not pitch discrimination for HF tones

25

the second could be adjusted in frequency (or F0) by the subject
at will in large (4-semitone), medium (1-semitone), or small
(1⁄4-semitone) steps. Subjects were encouraged to bracket the
point of subjective pitch equality before making a final decision
on each run. No feedback was provided for this subjective task.
Half the runs were done with the upper harmonics fixed, and half
were done with the single tone fixed. The frequency (or F0) of
the reference was 90, 100, or 110 Hz. Each condition was
repeated six times. The six repetitions of three reference fre-
quencies and two orders of presentation were pooled to provide
a total of 36 pitch matches per subject for both the pure tones
and the transposed tones.

Model Simulations. A recent temporal model of pitch processing
(20) was implemented to verify that the transposed stimuli do
indeed provide similar temporal information to that provided by
low-frequency pure tones at the level of the auditory nerve. The
simulations involve passing the stimulus through a bank of linear
gammatone bandpass filters to simulate cochlear filtering. The
output of each filter is passed through a model of inner hair cell
transduction and auditory-nerve response (34), the output of
which is a temporal representation of instantaneous auditory-
nerve firing probability. The autocorrelation of this output is
then calculated. To provide a summary of the temporal patterns
in the individual channels, the autocorrelation functions from all
frequency channels are summed to provide what has been
termed a summary autocorrelation function (SACF). In our
simulations, the complex-tone conditions used in experiment 3
were reproduced within the model, and the SACFs were exam-
ined. To avoid complications of simulating the response to
stochastic stimuli, the pink background noise was omitted, and
the levels of the tones were set to be !20 dB above the model’s
rate threshold, such that the model auditory nerve fibers were
operating within their narrow dynamic range.

Results
Experiment 1: Frequency and ITD Discrimination with Pure and Trans-
posed Tones. Subjects performed more poorly with transposed
tones than with pure tones in all of the conditions involving
frequency discrimination (Fig. 2A). A within-subjects (repeated-
measures) ANOVA with factors of presentation mode (four
levels: pure tones and transposed tones with carrier frequencies
of 4, 6.35, and 10.08 kHz) and frequency (55–318 Hz) found both
main effects to be significant (P " 0.0001). Post hoc compari-
sons, using Fisher’s least-significant difference test, confirmed
that the results with pure tones were significantly different from
those with transposed tones (P " 0.0001 in all cases). Further-
more, there was an increase in overall thresholds for transposed
tones with increasing carrier frequency; thresholds with a 10.08-

kHz carrier were significantly higher than thresholds with a
6.35-kHz carrier (P " 0.05), which in turn were significantly
higher than thresholds with a 4-kHz carrier (P " 0.01). Subject-
ing the same data to an analysis of covariance confirmed the
visible trend of a systematic decrease in thresholds with increas-
ing frequency, from 55 to 318 Hz (P " 0.01). Within the analysis
of covariance, the lack of an interaction (P # 0.1) between
presentation mode and frequency suggests that the decrease in
thresholds with increasing frequency is shared by both trans-
posed and pure tones.

In contrast to frequency discrimination, the ITD thresholds
for transposed tones were equal to or lower than those for pure
tones at frequencies !150 Hz (Fig. 2B) and higher at frequencies
#150 Hz. The pattern of results in the ITD condition is in good
agreement with previous studies (28, 29, †) and confirms that
transposed stimuli are able to convey temporal information with
microsecond accuracy to the binaural system. A within-subjects
analysis of covariance revealed a significant effect of frequency
(P " 0.05) and a significant interaction between frequency and
presentation mode (P " 0.005) but no main effect of presenta-
tion mode (P # 0.1). This reflects the fact that thresholds in the
pure-tone condition tend to decrease with increasing frequency,
whereas thresholds in the transposed-tone condition do not.

Experiment 2: F0 Discrimination with Pure and Transposed Tones.
With pure tones, all four subjects were able to make meaningful
comparisons of the pitch of a single tone and the composite pitch
of the third through the fifth harmonics (Fig. 3A, filled bars).
This is consistent with the well known finding that humans, along
with many other species (3, 4, 35), are able to extract the F0 from
a harmonic complex even if there is no spectral energy at the F0
itself.

The situation was very different for the transposed tones. For
three of the four subjects, the threshold-tracking procedure
exceeded the maximum allowable F0 difference of 32%, and no
measurable threshold estimates could be made (Fig. 3A, X). For
the remaining subject (S7; Fig. 3A, open bar), threshold esti-
mates could be made but were significantly higher than that

†Threshold values here are somewhat higher than in the most comparable earlier study
(29). This may be because of the higher level of threshold sensitivity produced by a
three-alternative, as opposed to a two-alternative, forced-choice procedure (d$ % 1.27, as
opposed to d$ % 0.77) and to the fact that we introduced ITDs only to the ongoing
(steady-state) portion of the stimulus and not to the onset and offset ramps.

Fig. 2. Mean performance in frequency discrimination (A) and interaural
time discrimination (B) as a function of frequency. Open symbols represent
performance with transposed tones (TT) on carrier frequencies ranging from
4,000 to 10,000 Hz. F, performance with pure tones. Fig. 3. Behavioral results using harmonic complex tones consisting of either

pure tones (filled bars) or transposed tones (open bars). F0 difference limens
(A) using transposed tones were not measurable for three of the four subjects.
All three subjects tested on an F0 matching task (B) showed good performance
for pure tones but no indication of complex pitch perception for the trans-
posed tones.
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the second could be adjusted in frequency (or F0) by the subject
at will in large (4-semitone), medium (1-semitone), or small
(1⁄4-semitone) steps. Subjects were encouraged to bracket the
point of subjective pitch equality before making a final decision
on each run. No feedback was provided for this subjective task.
Half the runs were done with the upper harmonics fixed, and half
were done with the single tone fixed. The frequency (or F0) of
the reference was 90, 100, or 110 Hz. Each condition was
repeated six times. The six repetitions of three reference fre-
quencies and two orders of presentation were pooled to provide
a total of 36 pitch matches per subject for both the pure tones
and the transposed tones.

Model Simulations. A recent temporal model of pitch processing
(20) was implemented to verify that the transposed stimuli do
indeed provide similar temporal information to that provided by
low-frequency pure tones at the level of the auditory nerve. The
simulations involve passing the stimulus through a bank of linear
gammatone bandpass filters to simulate cochlear filtering. The
output of each filter is passed through a model of inner hair cell
transduction and auditory-nerve response (34), the output of
which is a temporal representation of instantaneous auditory-
nerve firing probability. The autocorrelation of this output is
then calculated. To provide a summary of the temporal patterns
in the individual channels, the autocorrelation functions from all
frequency channels are summed to provide what has been
termed a summary autocorrelation function (SACF). In our
simulations, the complex-tone conditions used in experiment 3
were reproduced within the model, and the SACFs were exam-
ined. To avoid complications of simulating the response to
stochastic stimuli, the pink background noise was omitted, and
the levels of the tones were set to be !20 dB above the model’s
rate threshold, such that the model auditory nerve fibers were
operating within their narrow dynamic range.

Results
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tones than with pure tones in all of the conditions involving
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measures) ANOVA with factors of presentation mode (four
levels: pure tones and transposed tones with carrier frequencies
of 4, 6.35, and 10.08 kHz) and frequency (55–318 Hz) found both
main effects to be significant (P " 0.0001). Post hoc compari-
sons, using Fisher’s least-significant difference test, confirmed
that the results with pure tones were significantly different from
those with transposed tones (P " 0.0001 in all cases). Further-
more, there was an increase in overall thresholds for transposed
tones with increasing carrier frequency; thresholds with a 10.08-

kHz carrier were significantly higher than thresholds with a
6.35-kHz carrier (P " 0.05), which in turn were significantly
higher than thresholds with a 4-kHz carrier (P " 0.01). Subject-
ing the same data to an analysis of covariance confirmed the
visible trend of a systematic decrease in thresholds with increas-
ing frequency, from 55 to 318 Hz (P " 0.01). Within the analysis
of covariance, the lack of an interaction (P # 0.1) between
presentation mode and frequency suggests that the decrease in
thresholds with increasing frequency is shared by both trans-
posed and pure tones.

In contrast to frequency discrimination, the ITD thresholds
for transposed tones were equal to or lower than those for pure
tones at frequencies !150 Hz (Fig. 2B) and higher at frequencies
#150 Hz. The pattern of results in the ITD condition is in good
agreement with previous studies (28, 29, †) and confirms that
transposed stimuli are able to convey temporal information with
microsecond accuracy to the binaural system. A within-subjects
analysis of covariance revealed a significant effect of frequency
(P " 0.05) and a significant interaction between frequency and
presentation mode (P " 0.005) but no main effect of presenta-
tion mode (P # 0.1). This reflects the fact that thresholds in the
pure-tone condition tend to decrease with increasing frequency,
whereas thresholds in the transposed-tone condition do not.

Experiment 2: F0 Discrimination with Pure and Transposed Tones.
With pure tones, all four subjects were able to make meaningful
comparisons of the pitch of a single tone and the composite pitch
of the third through the fifth harmonics (Fig. 3A, filled bars).
This is consistent with the well known finding that humans, along
with many other species (3, 4, 35), are able to extract the F0 from
a harmonic complex even if there is no spectral energy at the F0
itself.

The situation was very different for the transposed tones. For
three of the four subjects, the threshold-tracking procedure
exceeded the maximum allowable F0 difference of 32%, and no
measurable threshold estimates could be made (Fig. 3A, X). For
the remaining subject (S7; Fig. 3A, open bar), threshold esti-
mates could be made but were significantly higher than that

†Threshold values here are somewhat higher than in the most comparable earlier study
(29). This may be because of the higher level of threshold sensitivity produced by a
three-alternative, as opposed to a two-alternative, forced-choice procedure (d$ % 1.27, as
opposed to d$ % 0.77) and to the fact that we introduced ITDs only to the ongoing
(steady-state) portion of the stimulus and not to the onset and offset ramps.

Fig. 2. Mean performance in frequency discrimination (A) and interaural
time discrimination (B) as a function of frequency. Open symbols represent
performance with transposed tones (TT) on carrier frequencies ranging from
4,000 to 10,000 Hz. F, performance with pure tones. Fig. 3. Behavioral results using harmonic complex tones consisting of either

pure tones (filled bars) or transposed tones (open bars). F0 difference limens
(A) using transposed tones were not measurable for three of the four subjects.
All three subjects tested on an F0 matching task (B) showed good performance
for pure tones but no indication of complex pitch perception for the trans-
posed tones.
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