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Difference limens for complex tones (DLCs) that differ in F0 are widely regarded as a measure of

periodicity-pitch discrimination. However, because F0 changes are inevitably accompanied by

changes in the frequencies of the harmonics, DLCs may actually reflect the discriminability of indi-

vidual components. To test this hypothesis, DLCs were measured for complex tones, the compo-

nent frequencies of which were shifted coherently upward or downward by DF¼ 0%, 25%, 37.5%,

or 50% of the F0, yielding fully harmonic (DF¼ 0%), strongly inharmonic (DF¼ 25%, 37.5%), or

odd-harmonic (DF¼ 50%) tones. If DLCs truly reflect periodicity-pitch discriminability, they

should be larger (worse) for inharmonic tones than for harmonic and odd harmonic tones because

inharmonic tones have a weaker pitch. Consistent with this prediction, the results of two experi-

ments showed a non-monotonic dependence of DLCs on DF, with larger DLCs for DF’s of 625%

or 637.5% than for DF’s of 0 or 650% of F0. These findings are consistent with models of pitch

perception that involve harmonic templates or with an autocorrelation-based model provided that

more than just the highest peak in the summary autocorrelogram is taken into account.
VC 2012 Acoustical Society of America. [http://dx.doi.org/10.1121/1.3699253]
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I. INTRODUCTION

The sounds produced by most musical instruments, and

many speech or animal-communication sounds, are har-

monic, meaning that their component frequencies are all in-

teger multiples of a common low frequency, which is

traditionally referred to as the fundamental frequency (F0).

These harmonic sounds evoke a pitch corresponding to their

F0; this is variously referred to as “residue pitch” (de Boer,

1956a; Schouten et al., 1962), “periodicity pitch” (Terhardt,

1970), or “virtual pitch” (Terhardt, 1979).

A traditional approach for determining how accurately

listeners can perceive the pitch of complex tones involves

measuring thresholds for the discrimination of small changes

in F0 between two successive harmonic tones (e.g., Moore

and Glasberg, 1988; Houtsma and Smurzynszki, 1990;

Shackleton and Carlyon, 1994; Demany and Semal, 2002;

Micheyl and Oxenham, 2004; Moore and Moore, 2003a;

Hopkins and Moore, 2007; Oxenham et al., 2009). Experi-

ments of this type are traditionally referred to as “F0-

discrimination experiments,” and the thresholds that are

measured in such experiments are usually referred to as F0-

discrimination thresholds or difference limens for F0

(DLF0s). These thresholds are commonly regarded as a mea-

sure of listeners’ ability to discriminate F0 or, subjectively,

residue pitch. However, when the complex tones being com-

pared are composed of the same harmonic ranks, listeners

need not compare F0 or residue pitch to perform the task;

they can instead directly compare the frequencies of corre-

sponding harmonics in the tone complexes. Consistent with

this hypothesis, Faulkner (1985) found that difference limens

for pairs of complex tones (DLCs) that contained the same

harmonics were generally smaller than DLCs for pairs of

tones that did not each contain the same set of harmonics.

Two studies have questioned this conclusion. In the first,

Moore and Glasberg (1990) measured DLCs for complex

tones that contained corresponding low-rank harmonics—

making it possible for listeners to discriminate shifts in the

frequencies of individual partials—but different upper-rank

harmonics, so that the tones differed in timbre. The results

revealed that the DLCs for such tones were larger than the

DLCs for tones that contained only corresponding harmonics

and thus had a more similar timbre. Moore and Glasberg

(1990) interpreted this finding as evidence that timbre differ-

ences interfere with the ability to perceive pitch differences,

even with corresponding harmonics, thus providing an alter-

native interpretation for Faulkner’s (1985) results. In addi-

tion, Moore and Glasberg (1990) measured DLCs for

complex tones that were made inharmonic by shifting the

frequencies of odd and even harmonics by 15% of their nom-

inal F0, in opposite directions, which produced inharmonic

complex tones with an irregular spectral spacing. They found

that the DLCs for such inharmonic tones were larger than

the DLCs for harmonic tones. They interpreted this outcome

as further evidence that DLCs reflect residue-pitch discrimi-

nation and are larger when residue pitch is weak or ambigu-

ous as is usually the case for inharmonic tones. Based on

these findings, Moore and Glasberg (1990) concluded that

DLCs for complex tones with common harmonics depend on

residue pitch comparisons rather than on comparisons of the

pitches of the partials.

A more recent study by Micheyl et al. (2010) provided

further evidence that DLCs reflect the discriminability of
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residue pitch rather than that of individual partials. Their

results showed significantly larger DLCs for inharmonic com-

plex tones produced by shifting the frequencies of all of the

components of a harmonic complex tone upward by a constant

amount (DF) in Hertz, which maintained the regular spectral

spacing of the components on a linear frequency scale, than

for harmonic complex tones. Because the perceptual grouping,

or “fusion,” of spectral components appears to depend more

on regular spectral spacing than on harmonicity per se (Rob-

erts and Brunstrom, 1998, 2001, 2003; Brunstrom and

Roberts, 2000), the results of Micheyl et al. (2010) cannot be

explained simply by weak fusion of the inharmonic tone com-

ponents, compared to the harmonic stimuli.

The current study extends the study of Micheyl et al.
(2010) in two ways. A first limitation of their study stems

from the fact that it did not test frequency shifts larger than

25% of the F0. If the conclusion that DLCs reflect residue-

pitch discrimination is correct, DLCs should decrease as DF

is increased from 25% to 50% of the F0. This is because,

when DF equals 50% of the F0, the stimulus becomes peri-

odic again with a fundamental period equal to twice the orig-

inal F0 period. Spectrally, the stimulus corresponds to an

odd-harmonics series with a missing F0 equal to one half of

the frequency separation between consecutive components.

Introspectively, complex tones consisting of odd-numbered

harmonics elicit a more salient pitch than inharmonic com-

plex tones produced by applying a frequency shift of 25%

(Roberts and Brunstrom, 2001). Thus if DLCs reflect

residue-pitch discrimination rather than comparisons of indi-

vidual component frequencies, they should vary nonmono-

tonically with DF, first increasing as DF increases from 0%

to 25% of the F0, then decreasing as DF increases from 25%

to 50%.

A second limitation of the study of Micheyl et al. (2010)

is that the frequency shifts were always positive. As a result,

the frequency ratios between consecutive components in the

frequency-shifted tones were always smaller, on average,

than the frequency ratios between consecutive components in

the harmonic tones.1 Smaller frequency ratios between con-

secutive components imply that on a logarithmic frequency

scale, consecutive frequency components are separated by a

smaller distance on average in inharmonic conditions than in

harmonic conditions. The finding of Micheyl et al. (2010) of

larger DLCs for inharmonic than for harmonic tones may

have been due to this effect rather than to inharmonic tones

having a less salient pitch. To investigate this possibility, the

current study tested negative DF’s (�25%, �37.5%, and

�50%) in addition to positive DF’s.

A final goal of this study was to examine whether the de-

pendence of DLCs on DF can be explained by an autocorrela-

tion model of pitch discrimination. “Place” models of pitch

perception that involve harmonic templates (e.g., Goldstein,

1973; Wightman, 1973; Cohen et al., 1995; Cedolin and

Delgutte, 2005) and temporal models involving “periodic

templates” (e.g., Cariani, 2004; Bidelman and Heinz, 2011)

can, at least in principle, account for better discriminability of

harmonic complex tones than for inharmonic complex tones.

This is because harmonic (or periodic) templates cannot

match place (or temporal) responses patterns to inharmonic

tones as well as they match response patterns to harmonic

tones. However, it was not clear whether two frequently used

metrics of pitch discriminability or salience, based on the

autocorrelation function—namely, the Euclidean distance

(ED) (Meddis and Hewitt, 1991a,b; Meddis and O’Mard,

1997; Bernstein and Oxenham, 2005) and the first highest

peak corresponding to a non-zero lag (Cariani and Delgutte,

1996a,b; Patterson et al., 1996; Patterson et al., 2000; Yost,

1996a, 1997; Yost et al., 1996)—could also account for dif-

ferences in discrimination thresholds between harmonic and

inharmonic tones. To address this question, we computed

“summary autocorrelation functions” (SACFs) (Meddis and

O’Mard, 1997) for complex tones having the same spectral

and temporal characteristics as those used in this study and

examined whether the psychophysical data could be

accounted for using the ED or the first highest peak in the

SACFs.

II. EXPERIMENT 1: MAIN EXPERIMENT

A. Methods

1. Listeners

Ten listeners (6 female, 4 male; ages 18–30 yr, mean

¼ 22.5 yr) participated in this experiment. The listeners had

5–12 yr (mean¼ 9.6 yr) of experience playing one or two mu-

sical instruments. All had normal hearing, defined as pure-

tone thresholds of 15 dB HL or less at octave frequencies

between 500 and 8000 Hz. The listeners first participated in a

familiarization test during which they performed six runs of

the tracking procedure, described in the following text, using

harmonic complex tones. During testing, listeners were

seated in a double-walled sound-attenuating booth (IAC).

Participants provided written informed consent prior to inclu-

sion in the study and were paid for their participation.

2. Stimuli

The stimuli were harmonic and inharmonic complex

tones. The harmonic tones contained harmonics with ranks

between N and Nþ5. The lowest harmonic number, N, was

equal to 2 in one of the two observation intervals of a trial and

to 3 in the other interval. The F0s of the two harmonic tones

presented on a trial were equal to F0high ¼F0ref(1þDF0/

100)1/2 for the higher-F0 tone, and F0low ¼ F0ref(1þDF0/

100)�1/2 for the lower-F0 tone, where F0ref is the “reference”

F0 (in Hz), which was defined as the geometric mean of the

two F0s presented on a trial, and DF0 is the difference between

the two F0s and is expressed as a percentage of the lower F0.

On each trial, F0ref was drawn at random from a 20%-wide

uniform probability distribution centered on 400 Hz. This

across-trial “roving” of F0 was introduced to discourage lis-

teners from forming a representation of the standard in long-

term memory and then comparing incoming tones against this

fixed representation rather than against each other. As

explained in the next section (Sec. II A 3), the percentage F0

difference between the two complexes, DF0, was varied adap-

tively during the course of a block of trials.

The frequency-shifted tones were produced by shifting

the component frequencies of the harmonic tones upward or
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downward by the same amount in Hz. Depending on the con-

dition being tested, the frequency shift, DF, was equal to

plus or minus (6) 25%, 37.5%, 50% of the F0 of the har-

monic tone prior to the application of any frequency shift.

The 37.5% shift was introduced following Brunstorm and

Roberts (2000; see also Roberts and Brunstrom, 2001).

These authors found that, like the 25% shift, the 37.5% shift

resulted in stimuli having an ambiguous pitch, but in addi-

tion, for the 37.5% shift, there is an emerging pitch compo-

nent one octave below the F0. As shown in Sec. V, this

emerging sub-octave component is apparent in SACFs of

simulated auditory-nerve-fiber responses.

The tones were 400 ms in duration each, including 20-

ms on and off (raised-cosine) ramps. The starting phases of

the harmonics were drawn independently in each presenta-

tion from a uniform distribution with 0–360� support. The

tones had a level of 50 dB SPL per component, correspond-

ing to an overall level of 57.8 dB SPL. The tones were pre-

sented in pink noise with a spectrum level of 20 dB SPL at

800 Hz. This level was selected based on previous findings,

which indicate that it should be sufficiently high to mask any

potential distortion products generated by the complex tones

(e.g., Oxenham et al., 2009). The noise started 400 ms before

the first tone on a trial and ended 400 ms after the offset of

the second tone on each trial.

3. Procedure

The DLCs for the harmonic and inharmonic tones were

measured using a two-interval, two-alternative forced-choice

(2I-2AFC) paradigm and a transformed two-down, one-up

procedure that tracked the 70.7%-correct point on the psy-

chometric function (Levitt, 1971). On each trial, two tones

were presented that differed in F0 (where, here and in the re-

mainder of the text, the term “F0” refers to the F0 of the

complex prior to frequency shifting). The higher-F0 tone

was played either first or second with equal probability. The

task of the listener was to indicate which of the two observa-

tion intervals contained the higher-F0 tone. The two observa-

tion intervals were marked on the computer screen. Listeners

gave their responses by pressing “1” or “2” on a computer

keyboard. At the beginning of an adaptive “run” (block of

trials), the F0-difference (DF0) between the two tones was

set to 4% of the F0. This difference was increased following

each incorrect response and decreased following two consec-

utive correct responses. Until the first reversal in the direc-

tion of the change in the tracking variable from “up” to

“down,” DF0 was increased and decreased by a factor of 4.

This factor was reduced to 2 after the second up-to-down re-

versal, and to
ffiffiffi
2
p

after the third up-to-down reversal. The

adaptive procedure stopped after a total of four reversals

with the smallest step size. Threshold was computed as the

geometric mean of the DF0 values at the last four reversals.

As in the main experiment of Micheyl et al. (2010) two

adaptive tracks were randomly interleaved on each run. On

one track, the lowest harmonic number (N) was 2 for the

lower-F0 complex and 3 for the higher-F0 complex; thus,

the frequency of the lowest harmonic and the F0 changed in

the same direction between the two observation intervals.

For the other track, it was the opposite. These two types of

tracks are referred to as “consistent” and “inconsistent”

tracks, respectively. Had these two track types not been

interleaved, the listeners would have been able to perform

the task correctly, and consistently, based on changes in the

frequency of the lowest (or highest) harmonic or on changes

in the spectral center of gravity (subjectively, the timbre) of

the stimuli. For example, if all trials had been of the

“consistent” type, listeners would have scored a correct

response by pressing the button corresponding to the interval

containing the tone with the brighter timbre. If all trials had

been of the “inconsistent” type, listeners would have scored

a correct response by pressing the button corresponding to

the interval containing the tone with the duller timbre. The

random interleaving of “consistent” and “inconsistent”

tracks was to prevent the listeners from doing this; because

the change in timbre did not provide a reliable cue, listeners

could not perform consistently above chance by relying

solely on this cue.

Listeners were instructed that they should focus on pitch

and try to ignore changes in other aspects of the sound, such

as timbre, as much as possible. Feedback was provided after

each trial in the form of a message (“correct” or “false”) dis-

played on the computer screen. Thresholds were computed

separately for the two tracks based on the DF0 values on the

last four turn-points of the adaptive staircase procedure

within each track. Therefore two threshold estimates were

obtained for each adaptive run, one for each track.

All but one listener completed six runs of the

interleaved-tracking procedure per frequency-shift condition.

The other listener completed only two runs per condition.

However, because the two thresholds measured in this lis-

tener were consistent with each other and fell in the range of

the thresholds measured in other listeners, they were included

in the analysis.

4. Apparatus

A Madsen ConeraTM Diagnostic Audiometer (GN Oto-

metrics, A/S) was used for pure-tone audiometry. During the

experiments proper, stimulus presentation and response col-

lection were controlled using the AFC software package

(Stefan Ewert, Universität Oldenburg) under MATLAB (The

MathWorks, Inc.). The stimuli were generated digitally and

played out via a soundcard (LynxStudio L22) with 24-bit re-

solution and a sampling frequency of 32 kHz. They were

presented monaurally to the listener via Sennheiser HD 580

headphones.

5. Data analysis

Statistical analyses involved repeated-measures analy-

ses of variance (ANOVA) followed by planned (a priori)
pairwise comparisons using Student’s paired t-tests. Thresh-

olds were log-transformed prior to averaging and statistical

analyses. The thresholds and threshold ratios, shown in the

figures or reported in the text in the following text, were

computed using geometric means. Standard deviations and

standard errors were computed on the log-transformed

thresholds.
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B. Results

1. DLCs for “consistent” and “inconsistent” tracks

The mean DLCs across all listeners are shown in Fig. 1(A)

for each frequency-shift condition. The DLCs for “consistent”

tracks are shown separately from DLCs for “inconsistent”

tracks. Larger discrepancies between the two types of tracks

are apparent for frequency shifts of 625% or 637.5% than for

frequency shifts of 0% and 650%. However, a statistical anal-

ysis of these data revealed that these mean DLCs only differed

significantly between consistent and inconsistent tracks for the

þ37.5% frequency shift [t(9)¼�7.77, P< 0.0005; for the

other conditions: |t(9)|< 1.92, P> 0.087]. In this condition, the

DLCs measured on inconsistent tracks were larger than the

DLCs measured on consistent tracks.

The reason why the apparent differences in mean DLCs

between consistent and inconsistent tracks were not statisti-

cally significant for the other frequency-shift conditions can

be understood by considering individual data, which are

shown in Fig. 1(B). This figure shows individual DLC ratios,

which were obtained by dividing the mean DLC across all

inconsistent tracks (DLC�) by the mean DLCs across all

consistent tracks (DLCþ), separately for each listener and

each frequency-shift condition. The different lines corre-

spond to different listeners. Ratios greater than 1 indicate

larger DLCs on inconsistent than on consistent tracks,

whereas values less than 1 indicate the converse. Note that

except for the þ37.5% and þ50% frequency-shift condi-

tions, in which all or most listeners had DLC ratios above 1,

DLCs ratios were distributed below and above 1. The magni-

tude of the deviation from 1 of the DLC ratios was computed

as the antilog of the absolute value of the difference between

the log-transformed DLCs measured on consistent and

inconsistent tracks. This magnitude is shown in Fig. 1(C)

and provides a measure of the difference in DLCs between

the two types of tracks, irrespective of the sign. As can be

see in Fig. 1(C), the average magnitude was consistently

larger for the 625% and 637.5% frequency-shift conditions

than for the 0% and 650% frequency-shift conditions

[paired t-test comparing the mean of the absolute values of

the differences in the log-transformed DLCs between con-

sistent and inconsistent tracks, averaged across the 0% and

6 50% on the one hand and across the 625% and 637.5%

on the other hand; t(9)¼ 6.62, P< 0.0005]. This indicates

that the DLCs measured on consistent tracks and the DLCs

measured on inconsistent tracks in a given listener were sig-

nificantly more different from each other in the 625% and

6 37.5% frequency-shift conditions than in the 0 and 650%

frequency-shift conditions.

Variability in the DLC ratios was observed, not only

across listeners, but also across runs within a given listener.

This is illustrated in Fig. 1(D), where the histogram bars show

the geometric mean, across listeners, of the across-run geomet-

ric standard deviation (SD) of the DLC ratios—a measure of

the across-run variability of the DLC ratios.2 This quantity was

larger, on average, for the 625% and 637.5% frequency-shift

conditions than for the 0% and 650% frequency-shift condi-

tions [paired t-test comparing the SDs of the log-transformed

DLC ratios across the following two sets of conditions: 0% and

650% on the one hand, and 625% and 637.5% on the other

hand; t(9)¼ 3.62, P< 0.006].

The observed variability in DLC ratios across listeners

and runs suggests that listeners used inconsistent response

FIG. 1. DLCs and DLC ratios measured for “consistent” and “inconsistent”

tracks as a function of frequency shift in Experiment 1. (A) Geometric-mean

DLCs across all listeners, for “consistent” tracks (filled bars), and

“inconsistent” tracks (empty bars). (B) Individual DLC ratios. These ratios

were obtained by dividing the geometric-mean DLCs across “inconsistent”

tracks (denoted DLC�), in a given listener and a given frequency-shift con-

dition, by the geometric-mean DLC across corresponding “consistent”

tracks (denoted DLCþ), for the same listener and condition. Ratios larger

than 1 indicate larger DLCs on “inconsistent” tracks than on “consistent”

tracks. (C) Geometric-mean of the deviations of the DLC ratios from 1.

These values were obtained by computing the mean of the absolute values

of the log-transformed DLC ratios across all runs for a given frequency-shift

condition in a given listener, then, taking the mean across listeners, and

finally, transforming back to the linear domain by applying the antilog func-

tion. (D) Geometric-mean SD of DLC ratios. These values were obtained by

computing the SD of the log-transformed DLC ratios across runs in a given

listener, squaring the results, computing the mean across runs, and finally,

transforming back to the linear domain by applying the antilog function.

Error bars show þ1 geometric standard error of the geometric mean across

listeners.
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strategies. For instance, it may be that listeners’ judgments

were more influenced by timbre than by pitch on some runs

than on others. Based on informal reports from the listeners,

the fact that the DLCs measured on consistent tracks were

sometimes larger than the DLCs measured on inconsistent

tracks, whereas the opposite pattern should have been

observed if the listeners tended to confuse higher pitch with

brighter timbre, appears to be due to listeners “over-

compensating” for a perceived tendency to follow the

“wrong” cue.

Overall, the results shown in Fig. 1 are consistent with

the finding of Micheyl et al. (2010) that “raw” DLCs meas-

ured separately on consistent and inconsistent tracks are

influenced by other factors than F0 or residue pitch, which

co-vary with changes in the lowest harmonic number. The

results also extend the findings of Micheyl et al. (2010) by

showing that similar patterns are observed for both positive

and negative frequency-shifted complexes.

2. Unbiased DLCs

Figure 2 shows “unbiased DLCs,” which were com-

puted by combining the DLCs measured on consistent and

inconsistent tracks (from the same run) according to the fol-

lowing equation (see Micheyl et al., 2010 for an explanation

of the basis of this equation),

DLCu ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ DLCþ

100

� �
1þ DLC�

100

� �s
� 1

" #
: (1)

In this equation, DLCþ and DLC� denote the DLCs (in % of

F0) measured on consistent and inconsistent tracks, respec-

tively, and DLCu is the “unbiased” DLC (also in % of F0).

Modeling listeners’ decisions in Experiment 1 as based on a

linear combination of the difference in F0 and the difference

in the lowest-component frequency (both expressed in

octaves), unbiased DLCs provide a measure of listeners’

ability to discriminate F0-related changes, uncontaminated

by response biases related to changes in the frequency of the

lowest component across the two observation intervals of

each trial (see Micheyl et al., 2010 for details). Unbiased

DLCs were computed separately for each pair of “raw”

DLCs corresponding to “consistent” and “inconsistent”

tracks within the same run and the log-transformed unbiased

DLCs were averaged within and across listeners to produce

Fig. 2.

A repeated-measures analysis of variance (ANOVA) on

the log-transformed unbiased DLCs showed a significant main

effect of frequency shift [F(6, 54)¼ 6.91, P< 0.0005].

Planned comparisons revealed that the unbiased DLCs

obtained in the 625% and 637.5% frequency-shift conditions

were significantly larger on average than both the unbiased

DLCs obtained in the 0% frequency-shift condition [paired t-
tests comparing the 0% and �37.5% frequency-shift condi-

tions: t(9)¼ 3.97, P¼ 0.003; for 0% versus �25%:

t(9)¼ 3.01, P¼ 0.015; for 0% versus þ25%: t(9)¼ 4.69,

P¼ 0.001; for 0% versus þ37.5% t(9)¼ 6.01, P< 0.0005]

and the unbiased DLCs obtained in the 650% frequency-shift

conditions [t(9)¼ 5.40, P< 0.0005 for�50% versus�37.5%;

t(9)¼ 3.19, P¼ 0.011 for �50% versus �25%; t(9)¼ 2.76,

P¼ 0.022 forþ50% versusþ25%; and t(9)¼ 3.21, P¼ 0.011

for þ50% versus þ37.5%]. No statistically significant differ-

ence in unbiased DLCs was observed when comparing the 0%

and 650% frequency-shift conditions [for 0% versus �50%:

t(9)¼ 0.002, P¼ 0.998; for 0% versus þ50%: t(9)¼ 0.725,

P¼ 0.487].

C. Discussion

The pattern of results obtained in this experiment is

broadly consistent with the hypothesis that when discrimi-

nating complex tones, listeners compare residue pitches

rather than the frequencies or pitches of individual partials.

In this context, the finding of larger unbiased DLCs in the

625% and 637.5% frequency-shift conditions than in the

0% frequency-shift condition can be understood by consider-

ing that inharmonic tones evoke a more ambiguous, less

well-defined pitch than harmonic complexes. The large dis-

crepancies in raw DLCs between consistent and inconsistent

tracks, which are apparent in these frequency-shift condi-

tions, presumably reflect the fact that the weak and ambigu-

ous pitch of the stimuli led the listeners to rely more heavily

on other cues, such as changes in the frequency of the lowest

harmonic or changes in the spectral center of gravity of the

complex—which were presumably perceived as timbre

changes. Because the direction of changes in the frequency

of the lowest harmonic number only provided a valid cue on

trials corresponding to consistent tracks, and the two tracks

were randomly intermingled, this could explain why DLCs

measured on consistent tracks were often smaller than DLCs

measured on inconsistent tracks. Based on our informal dis-

cussions with the listeners and on personal introspection, we

believe that the opposite effect—smaller DLCs on inconsis-

tent tracks than on consistent tracks—resulted from listeners

being aware of their tendency to rely on the wrong cue and

to then try to correct for this tendency by giving a response

opposite to that suggested by the direction of the timbre

change. In this context, the large across- and within-listener

variability in both the direction and the magnitude of the dif-

ferences in DLCs between consistent and inconsistent tracks,

which is apparent in Fig. 1, may reflect differences in listen-

ing or response strategies across listeners or across runs

within a given listener. Moreover, the fact that the variability

FIG. 2. Geometric-mean unbiased DLCs across all listeners. See text for

details concerning the computation of these values. Error bars show þ1 geo-

metric standard error of the geometric mean across listeners.
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was larger in the 625% and 637.5% frequency-shift condi-

tions than in the 0%-shift condition is consistent with the

interpretation that in the latter condition, the pitch was less

ambiguous, making it possible for listeners to rely more on

changes in pitch than on changes in timbre. The finding that

the unbiased DLCs decreased as magnitude of the frequency

shift increased from 25% or 37.5% to 50% was expected,

given that a 50% shift yields an odd-harmonic complex,

which evokes a more salient and less ambiguous pitch than

an inharmonic complex in which all components are shifted

by 25% or 37.5% of the F0 (Brunstrom and Roberts, 2000;

Roberts and Brunstrom, 2001).

The finding of larger unbiased DLCs in the þ25%

frequency-shift condition than in the 0%-shift condition is

consistent with the results of a previous study (Micheyl

et al., 2010). One difference between the results of the cur-

rent study and those of the previous study is that in the previ-

ous study, the raw DLCs measured on consistent tracks were

generally, and consistently, smaller than the raw DLCs

measured on inconsistent tracks—in contrast to the across-

listener and across-run variability in the sign of the DLC

differences in the current study. We do not have a clear-cut

explanation for the origin of this difference at present. One

possible explanation relates to inter-individual differences in

listening (or response) strategies: The participants who were

recruited in the current study were perhaps more inclined to-

ward correcting for their tendency to follow timbre changes,

which they could infer based on the visual feedback that

they received after each trial or based on their own intro-

spection. Feedback does not seem to be a critical factor,

however: Micheyl et al. (2010) tested all listeners both with

and without feedback and found that feedback had no major

influence on the results. Alternatively, or in addition, it is

possible that the use of different test conditions, with a larger

number of frequency-shift conditions in the current study

than in the previous study, contributed to promoting the use

of different listening (or response) strategies.

The finding that negative frequency shifts were at least

as effective as positive frequency shifts in elevating unbiased

DLCs makes it very unlikely that the finding of elevated

unbiased DLCs in positive frequency-shift conditions (com-

pared to the 0% frequency-shift condition) in the current

study, and the previous study by Micheyl et al. (2010)

merely reflects smaller relative frequency spacing between

components for the inharmonic complexes than for the

harmonic complexes. Although smaller frequency ratios

between consecutive components may lead to greater periph-

eral interactions between components, this effect cannot

explain why in the current study, negative frequency shifts,

which led to larger frequency ratios between components

than for the unshifted complexes, were as effective as posi-

tive shifts in elevating DLCs.

Consistent with Moore and Glasberg (1990) and

Micheyl et al. (2010), the present results are difficult to rec-

oncile with the hypothesis that in experiments that involve

complex tones with corresponding spectral components, lis-

teners compare representations of the frequencies of individ-

ual components (Faulkner, 1985). Interactions between

components passing through relatively broad auditory filters

can result in less accurate representations of the frequencies

of individual components when other components are pres-

ent, and these interactions may be more detrimental when

the components are inharmonic than when they are har-

monic. However, in the current study, as in the study of

Micheyl et al. (2010) and in some of the conditions tested by

Moore and Glasberg (1990), the complex-tone components

were well resolved peripherally. This makes it unlikely that

the frequencies of these components were significantly more

or less accurately encoded in the auditory nerve, depending

on whether they were harmonically or inharmonically

related to the frequencies of the other components present in

the complex. We cannot rule out the possibility that cross-

frequency interactions generated at higher levels of process-

ing within the auditory system affect neural representations

of the frequencies of individual components, depending on

whether these components are harmonic or inharmonic;

however, we are not aware of published data that would indi-

cate the existence of such harmonicity-dependent neural rep-

resentations of individual partials in complex tones.

III. EXPERIMENT 2: SINGLE-TRACK PROCEDURE

A. Rationale

Although the pattern of variation of unbiased DLCs as a

function of DF in Experiment 1 is consistent with the hypoth-

esis that unbiased DLCs reflect residue-pitch discrimination,

the computation of unbiased DLCs rests on various assump-

tions concerning the sensory and decision processes leading

from a stimulus to a response in this type of experiment; these

assumptions are described in detail in the Appendix A of

Micheyl et al. (2010). Some of these assumptions refer to

unobservable variables corresponding to internal states of the

listener that cannot be measured directly. Therefore it would

be reassuring if the qualitative pattern of results obtained in

Experiment 1 and illustrated in Fig. 2 could be confirmed

using an approach that does not involve the calculation of

unbiased DLCs. Micheyl et al. (2010) found that DLCs meas-

ured using a single-track procedure—in which consistent and

inconsistent trials were randomly intermingled but in which

the results of these two types of trials were not treated sepa-

rately—showed the same effect of inharmonicity as the

unbiased DLCs measured in the same listeners using an

interleaved-tracking procedure. However, Micheyl et al.
(2010) tested only one DF condition (þ25% of F0) with the

single-track procedure, and it remains unclear whether their

finding holds for other DF’s. Accordingly, Experiment 2

extended the control experiment of Micheyl et al. (2010) by

measuring DLCs using a single-track procedure in a subset of

the listeners from Experiment 1 for all of the frequency-shift

conditions tested in that experiment.

B. Methods

Six of the listeners from Experiment 1 also participated

in the current experiment. All six listeners completed three

runs in each of the frequency-shift conditions. The stimuli

were similar to those used in Experiment 1. As in that

experiment, the frequency of the lowest component changed
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in a random direction (not related systematically to the direc-

tion of changes in F0) across observation intervals. The only

difference between Experiment 1 and the current experiment

was in the tracking procedure. Instead of tracking DF0 (the

F0 difference between the two tones, prior to the application

of any frequency shift) separately for consistent and incon-

sistent trials, here, a single track (i.e., a single DF0 variable)

was used. The variable was updated, i.e., increased,

decreased, or left unchanged, according to the two-down

one-up adaptive-tracking rule, following each trial, regard-

less of whether the trial was of the consistent or inconsistent

type. At the end of a run, the values of the tracking variable

corresponding to the last four reversals in the direction of the

adaptive staircase were averaged to obtain the DLC for that

run.

C. Results

The results of this experiment are shown in Fig. 3 (solid

bars). To facilitate comparisons between these DLCs and the

unbiased DLCs measured in Experiment 1, the unbiased

DLCs of the six listeners who participated in the current

experiment were averaged and plotted in Fig. 3 (empty

bars). In general, the pattern of the results in the two experi-

ments was very similar. The only condition in which a sig-

nificant difference between the direct DLCs (Experiment 2)

and unbiased DLCs (Experiment 1) was observed was the

0%-shift condition [t(5)¼ 2.84, P¼ 0.036; for all other con-

ditions: jt(5)j< 2.27, P> 0.05]. Importantly, the DLCs and

the unbiased DLCs showed a qualitatively similar pattern of

variation as a function of DF, being significantly larger on

average in the 625% and 637.5% frequency-shift condi-

tions than in the 0% and 650% frequency-shift conditions

[t(5)¼ 3.30, P¼ 0.022 for DLCs; t(5)¼ 4.06, P¼ 0.010 for

unbiased DLCs].

D. Discussion

The results of this experiment indicate that the non-

monotonic dependence of DLCs on DF, which was observed

in Experiment 1, was not simply a result of the dual-tracking

procedure or of the computation of unbiased DLCs; the non-

monotic pattern for both positive and negative frequency shifts

can be replicated using a simpler measurement procedure, in

which the outcomes of consistent and inconsistent trials are

not tracked separately.

Although a single-track adaptive procedure is more

straightforward to implement than a dual-track procedure,

the latter offers the advantage that it provides an indication

of the extent to which a listener’s responses were influenced

by changes in timbre, or any other aspect of the sensation

that co-varies with the frequency of the lowest component in

the complex, but is unrelated to residue pitch. This informa-

tion may help experimenters identify listeners who are more

or less able to ignore irrelevant timbre when judging pitch.

IV. EXPERIMENT 3: SPECTRALLY SHAPED
COMPLEXES

A. Rationale

Consistent with the stimuli used by Glabserg and Moore

(1990) and Micheyl et al. (2010), the unshifted harmonic

complex tones in Experiments 1 and 2 consisted of equal-

amplitude components. For such stimuli, it is possible that

listeners rely on shifts in the frequency of the lowest compo-

nent or on shifts in the spectral centroid of the complex

(Moore and Moore, 2003a,b; Dai, 2010). To alleviate this

concern, experimenters often use bandpass-filtered complex

tones with relatively shallow slopes (e.g., Carlyon and

Shackleton, 1994; Moore and Moore, 2003a; Micheyl and

Oxenham, 2004). In such experiments, the two complex

tones presented on a trial usually go through the same filter,

so that they have identical spectral envelopes, and the

lowest-harmonic number is not roved. It is important to note

that this stimulus design does not rule out the possibility that

listeners compare the frequencies, or pitches, of individual

components; however, it makes potential spectral edge cues

(Kohlrausch and Houtsma, 1992) or cues related to the spec-

tral center of gravity (von Bismark, 1974), less salient.

The goal of the current experiment was to test whether

significantly larger DLCs are observed for inharmonic com-

plex tones than for harmonic complex tones when the tones

are bandpass-filtered. We reasoned that if the DLCs meas-

ured with bandpass-filtered complexes reflect residue-pitch

comparisons rather than comparisons of individual harmon-

ics, they should be significantly larger for inharmonic com-

plexes tones produced using frequency shifts of 625% and

637.5% than for (unshifted) harmonic complex tones. How-

ever, if listeners rely instead on comparisons of individual

component frequencies, DLCs should not depend on whether

the components are harmonic or inharmonic.

B. Methods

The main difference between this experiment and the

previous two experiments is that the spectral components of

the complex tones were selectively attenuated to simulate

the operation of a bandpass filter with shallow slopes

(�7.3 dB/octave). Specifically, the attenuation was applied

to components with frequencies lower or higher than our

specified corner frequencies. The corner frequencies were

set to correspond approximately with the fourth and seventh

harmonics in the first condition and the fifth and eighth

FIG. 3. Geometric-mean DLCs measured in Experiment 2 and geometric-

mean unbiased DLCs measured in the same listeners in Experiment 1. The for-

mer are shown by solid bars; the latter are shown using empty bars. Error bars

showþ1 geometric standard error of the geometric mean across listeners.
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harmonics in the second condition. Because the F0s of the

two complex tones (prior to any frequency shifting) differed

across the two observation intervals, the frequencies of the

components also differed. However, it was important that

the spectral envelope of the stimuli, and therefore, the char-

acteristics of the “filter,” did not change across observation

intervals, so as not to provide listeners with a spectral- enve-

lope cue. Therefore the lower corner frequency was auto-

matically set by the program on each trial in such a way that

it always equaled the geometric mean of the frequencies of

the fourth or fifth harmonic of the two complex tones on the

current trial. Similarly, the upper corner frequency was set to

the geometric mean of the frequencies of the seventh or

eighth harmonic of the two complex tones presented on the

current trial. This ensured that the lower corner frequency of

the filter always fell in the center (on a logarithmic scale) of

the frequencies of the corresponding components of the two

tones. The number of components in the complexes was

increased, from 6 in the previous two experiments to 16 in

the current experiment, so that there would be enough com-

ponents to fill the 6-dB passband of the filter.

As in Experiment 1, an adaptive procedure with two

interleaved tracks was used in the current experiment. How-

ever, unlike for Experiment 1, in the current experiment, the

rank of the lowest component was not allowed to vary across

the two observation intervals within a trial.

Instead the rank differed only across trials correspond-

ing to different tracks. In one track, the rank of the lowest

component corresponded to the second harmonic (with the

filter corner frequency set to the fourth harmonic); in the

other track, it corresponded to the third harmonic (with the

filter corner frequency set to the fifth harmonic). Using this

procedure, we could obtain data for two lowest-component

rank conditions simultaneously. Eight of the listeners from

Experiment 1, including the six listeners who participated in

Experiment 2, also participated in the current experiment.

C. Results

The mean DLCs for this experiment are shown in Fig. 4.

The DLCs measured on tracks corresponding to N¼ 2 and

N¼ 3 are shown as solid and gray bars, respectively. No

significant effect of N was observed [F(1, 7)¼ 0.105,

P¼ 0.755], but DLCs varied significantly across frequency

shifts [F(6, 42)¼ 42.81, P¼ 0.003]. Planned paired compari-

sons between DLCs measured in different frequency-shift

conditions showed significant differences between the 0%-

shift condition and each of the non-zero frequency-shift condi-

tions [8.71 <F(1, 7)< 93.99, 0.0005<P< 0.021]; DLCs

were smaller for the 0%-shift condition than for any of the

non-zero conditions. No other significant difference was found

between the different non-zero frequency-shift conditions.

The empty bars in Fig. 4 show the mean unbiased DLCs

that were measured in Experiment 1 for the same eight listen-

ers who took part in the current experiment. These unbiased

DLCs were generally larger than those measured in the cur-

rent experiment [planned contrast analysis comparing the

mean of the DLCs across the two N conditions in the current

experiment with the unbiased DLCs measured in Experiment

1: F(1, 7)¼ 99.10, P< 0.0005]. This was the case for all

frequency-shift conditions considered one at a time [12.95

<F(1, 7)< 40.87, 0.0005<P< 0.009] except for the þ50%

frequency condition [F(1, 7)¼ 2.14, P¼ 0.187].

D. Discussion

The finding of significantly lower DLCs in the 0%-shift

condition than in the 625% and 637.5% frequency-shift

conditions is consistent with the results of the previous two

experiments and suggests that the listeners were not just

comparing the frequencies of corresponding individual har-

monics across the two observation intervals but that their

judgments were influenced by residue pitch. This finding has

implications for the interpretation of the results obtained in

previous studies of pitch perception using bandpass-filtered

complex tones with shallow slopes. Specifically, it suggests

that this stimulus design is effective in preventing listeners

from basing their responses on shifts in the frequency of the

lowest (or highest) component in the complex (Dai, 2010) or

on shifts in the spectral centroid (Moore and Moore, 2003a).

Indeed if the DLCs measured in this experiment solely

reflected the use of these types of cues, they should have

been independent of DF.

One difference between the results of this experiment

and the results of the previous two experiments relates to the

lack of significant difference between the DLCs measured in

the odd-harmonic (650% frequency-shift) conditions and

the DLCs measured in the inharmonic (625% and 637.5%)

frequency-shift conditions. We can only offer a tentative ex-

planation concerning the origin of this difference that is

related to the fact that the spectral characteristics of the stim-

uli differed between the current experiment and the previous

two experiments. In particular, in Experiments 1 and 2, the

stimuli each contained six components (corresponding to

harmonics 2 to 7 or 3 to 8). By contrast, in the current

experiment, the stimuli had a trapezoidal spectral envelope,

with corner frequencies corresponding either to the 4th and

7th harmonics or to the 5th and 8th harmonic, so that only

four components (instead of six) were contained in the stim-

ulus passband. Data in the literature indicate that the pitch

salience of complex tones increases with the number of

FIG. 4. Geometric-mean DLCs measured in Experiment 3 and geometric-

mean unbiased DLCs measured in the same listeners in Experiment 1. The

solid bars correspond to the N¼ 2 condition of Experiment 3. The gray bars

correspond to the N¼ 3 condition of Experiment 3. The empty bars corre-

spond to unbiased DLCs in Experiment 1. Error bars show þ1 geometric

standard error of the geometric mean across listeners.
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components (Goldstein et al., 1978; Houtsma and Smurzyn-

ski, 1990; Laguitton et al., 1998). Although, for strictly har-

monic complex tones, four resolved harmonics may suffice

to evoke a salient pitch, it is conceivable that the pitch of

odd-harmonic stimuli remains ambiguous with only four

components present in the passband. This may explain why

the DLCs for odd-harmonic stimuli in the current experiment

were not significantly lower than the DLCs for inharmonic

stimuli.

V. IMPLICATIONS FOR PITCH-PERCEPTION MODELS

A. Spectral template-matching models

The finding of larger DLCs for inharmonic tones than

for harmonic tones can be accounted for, in principle, by

pitch-perception models that use harmonic or periodic tem-

plates to estimate pitch (e.g., Goldstein, 1973; Wightman,

1973; Gerson and Goldstein, 1978; Goldstein et al., 1978;

Terhardt et al., 1982; Srulovicz and Goldstein, 1983; Cohen

et al., 1995; Cedolin and Delgutte, 2005). Because harmonic

templates cannot match an inharmonic input perfectly, mod-

els of this type produce less precise—or multiple—matches

for inharmonic inputs than for harmonic ones. This is

reflected in smaller or broader peaks in the representations

that are used to determine residue pitch in these models, e.g.,

the “transformed peripheral activity pattern” in Wightman’s

(1973) “pattern-transformation model” or the “likelihood

function” in Goldstein’s (1973) “optimal processor.” For

example, Wightman’s pattern-transformation model predicts

a decrease in pitch strength as the magnitude of the fre-

quency shift (DF) increases over a range of about 20% for a

200-Hz F0 stimulus [see Fig. 4 in Wightman (1973)].

Although Wightman (1973) did not report discrimination-

threshold predictions using his model, it is likely that a shift

in the estimated pitch, i.e., a horizontal shift in the position

of the dominant peak in the transformed peripheral activity

pattern, is less easily discriminated if the peak is small and

broad than if it is tall and sharp. A similar idea underlies pre-

dictions of pitch accuracy in Goldstein’s (1973) model and

its more recent extensions (e.g., Gerson and Goldstein, 1978;

Srulovicz and Goldstein, 1983). Thus harmonic template-

matching models can account, at least qualitatively, for the

finding of larger pitch-discrimination thresholds for inhar-

monic tones than for harmonic tones.

Harmonic-template-matching models can also account,

in principle, for the finding of small DLCs for shifts equal

to 650% of the F0 (Experiments 1 and 2). Although a tem-

plate containing all harmonics may not match the odd-

harmonic stimuli quite as well as a template that contains

solely odd harmonics, this can be remedied by including

templates for incomplete harmonic series into the model, as

was done by Gerson and Goldstein (1978). While the sug-

gestion that the auditory system may contain templates for

odd-harmonic series may seem contrived, it is important to

note that inasmuch as templates arise through repeated ex-

posure to natural harmonic sounds, these templates are

likely to include a variety of spectral shapes. For instance,

the sounds produced by some musical instruments, such as

the clarinet, are dominated by energy at the odd harmonics.

Including templates with a wide variety of spectral shapes

may be necessary for spectral template-based models to suc-

cessfully mimic human listeners’ ability to perceive the

pitch of natural stimuli, which can have widely different

spectral envelopes.

B. Temporal autocorrelation model

An alternative approach to modeling pitch perception,

which has gained popularity during the last two decades,

relies on the computation of the autocorrelation function—

specifically, the SACF (Meddis and Hewitt, 1991a,b; Meddis

and O’Mard, 1997). The SACF is obtained by summing the

autocorrelation functions of the outputs of frequency-

selective auditory filters with different characteristic fre-

quencies (CFs; e.g., Meddis and Hewitt, 1991a,b; Cariani

and Delgutte, 1996a,b; Meddis and O’Mard, 1997). One ad-

vantageous feature of the SACF is that the F0 can be deter-

mined directly, based on the location of the first salient peak

corresponding to a non-zero lag (e.g., de Cheveigné, 2005).

Moreover, it has been suggested that the height of the first

SACF peak is directly related to perceived pitch strength or

pitch salience (Cariani and Delgutte, 1996a,b; Patterson

et al., 1996; Patterson et al., 2000; Yost, 1996a, 1997; Yost

et al., 1996). Because stimuli that evoke a salient pitch, such

as complex tones with well-resolved harmonics, usually

yield smaller discrimination thresholds than stimuli that

elicit a weak pitch, such as amplitude-modulated noise

(Burns and Viemeister, 1976; Shackleton and Carlyon,

1994), the height of the first SACF peak should also correlate

with pitch discriminability. Previous studies using iterated

ripple noise (IRN) have found that it does (Yost, 1996a,b;

Patterson et al., 2000) with the possible exception of long-

duration (1 s or longer) stimuli (Yost, 2009). Alternatively, it

has been suggested that pitch discriminability depends on

differences between the SACFs evoked by the two stimuli

being discriminated across the entire range of lags, as meas-

ured by the ED (e.g., Meddis and Hewitt, 1991a,b; Meddis

and O’Mard, 1997; Bernstein and Oxenham, 2005).

To determine whether the height of the first peak in the

SACF, the ED, or some other aspect of the SACF, could

account for the non-monotonic variation in unbiased DLCs

across frequency-shift conditions observed in Experiment 1,

we computed SACFs for pairs of harmonic and frequency-

shifted complex-tone signals generated in the same way as

those used in the experiment. The details of the model that

were used to compute these SACFs are provided in the Ap-

pendix. In short, the model included two stages: first, a simu-

lation of peripheral processing including cochlear filtering

and compression, auditory-nerve rate-level functions, and

frequency-dependent phase locking; second, the computation

of the autocorrelation functions of simulated instantaneous

spike-rate functions across virtual fibers corresponding to

different CFs, followed by CF-dependent weighting to simu-

late CF-dependent limitations on periodicity encoding in the

central auditory system (Cariani, 2004), and finally, summa-

tion of the weighted autocorrelation functions across

channels.
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The resulting SACFs are shown in Fig. 5. Each panel in

this figure corresponds to one of the frequency-shift condi-

tions tested in Experiment 1, ranging from þ50% at the top

to �50% at the bottom. In each panel, two SACFs are

shown, corresponding to the lower- and higher-F0 com-

plexes. For these simulations, the lower and higher F0s dif-

fered by 0.4% of the lower F0 with a geometric mean equal

to 400 Hz. The DF0 value of 0.4% of F0 corresponds

approximately to the mean DLC measured in the 0%-shift

condition of Experiment 1 (Fig. 1). Moreover, to illustrate

the influence of the within-trial roving of the lowest har-

monic number, which was used in this experiment, the

lower- and higher-F0 stimuli that were used for these simula-

tions contained harmonics (before frequency shifting) 2 to 8

and 3 to 9, respectively.

Three observations are worth pointing out. First, in all

frequency-shift conditions, relatively large differences between

the two SACFs were observed, as reflected in ED values sub-

stantially larger than zero; note that the ED is indicated within

each panel. These salient SACF differences, which were

observed even when the F0 difference between the two tones

was set to zero, primarily reflect the difference in spectral con-

tent between the stimuli—due to the fact that one stimulus was

generated using harmonics 2-8 while the other was generated

using harmonics 3-9. While the unbiased DLCs varied non-

monotonically as a function of DF in Experiment 1, the ED

increased monotonically as DF decreased from þ50% to

�50%. Based on these observations, we conclude that the ED

does not correctly predict pitch discriminability. Second, for

the 0%-shift condition (middle panel), the highest SACF peak

(other than the peak corresponding to a lag of zero) occurred at

a lag corresponding to the F0—the lag corresponding to the F0

of the lower-F0 complex is indicated by the first vertical dashed

line. This is consistent with the hypothesis that the highest

SACF peak corresponding to a non-zero lag indicates the per-

ceived pitch (Yost, 1996a,b; Patterson et al., 2000). However,

for the other DF conditions, the highest SACF peak (other than

the zero-lag peak) did not always coincide with the expected

perceived pitch as estimated based on the results of previous

psychophysical studies of pitch perception for frequency-

shifted tones (de Boer, 1956b; Schouten et al., 1962; Patterson,

1973; Patterson and Wightman, 1976; Moore and Moore,

2003b; Micheyl et al., 2010). Nonetheless, it may be possible to

reconcile these simulation results with the present and previous

results by considering that pitch perception depends on a com-

bination of information across multiple SACF peaks. In particu-

lar, the presence of a salient, relatively sharp, and unambiguous

peak corresponding to F0/2 in both the 0% and 650% DF con-

ditions compared to smaller and broader corresponding peaks

in the 625% and 637.5% conditions, suggests a possible ex-

planation for our finding that unbiased DLCs were significantly

smaller in the harmonic than in the inharmonic conditions.

Additional work is needed to clarify how information

distributed across multiple SACF peaks should be combined

to correctly predict the ensemble of psychophysical data

available to date, including those collected in the current

study.

VI. SUMMARY AND CONCLUSIONS

The findings of this study may be summarized as

follows.

(1) The results of both Experiments 1 and 2 lend further

support to the conclusions of earlier studies (Moore and

Glasberg, 1990; Micheyl et al., 2010) according to

which, when discriminating harmonic complex tones

with different F0s, listeners actually discriminate residue

pitch rather than the frequencies or pitches of individual

partials. Importantly, this was the case even though the

stimuli in this study always contained several corre-

sponding frequency components, allowing listeners to

base their judgments on local frequency shifts. This out-

come is inconsistent with the view that when comparing

complex tones that contain corresponding harmonics, lis-

teners always compare the frequencies or pitches of indi-

vidual partials (Faulkner, 1985).

FIG. 5. SACFs for stimuli similar to those used in experiment 1. Each panel

corresponds to one of the frequency shifts used in the experiment (the DF

value is indicated in the upper-left corner)and shows two SACFs: One corre-

sponding to the lower-F0 complex (dashed line) and one corresponding to

the higher-F0 complex (solid line). For these simulations, the two F0s

(where F0 refers to the F0 prior to the application of coherent frequency

shifting) were separated by 0.4% of the lower F0 and geometrically centered

on 400 Hz. The computed ED between the two SACFs is explicitly indicated

within each panel. The vertical dashed lines indicate the lags corresponding

to the F0 of the lower complex and sub-harmonics thereof.
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(2) The results of Experiment 3 indicate that the conclusion

that listeners compare complex pitch (i.e., residue, perio-

dicity, or virtual pitch) rather than the pitches or frequen-

cies of individual partials, extends to situations in which

the lowest harmonic number is not roved and in which

the tones are bandpass filtered using relatively shallow

slopes to limit listeners’ ability to take advantage of

spectral-envelope cues. This finding provides further

assurance that the DLCs that have been measured in pre-

vious studies of pitch perception, using bandpass-filtered

complex tones without any roving of the lowest-

harmonic number or of the spectral envelope (e.g.,

Carlyon and Shackleton, 1994; Micheyl and Oxenham,

2004), actually reflect the discriminability of residue

pitch.

(3) Simulations using a temporal autocorrelation model of

pitch perception suggest that larger unbiased DLCs for

complex tones shifted by 625% and 637.5% of F0 than

for harmonic or odd-harmonic complex tones may be

explained by assuming that pitch perception depends on

a combination of information across multiple SACF

peaks (as in, e.g., Cariani, 2004; Cedolin and Delgutte,

2005; Bidelman and Heinz, 2011) rather than on the

highest SACF peak corresponding to a non-zero lag or

the ED. However, it is important to acknowledge, first,

that additional work is needed to more precisely specify

the decision rule that, when applied to SACFs, can cor-

rectly predict the perceived pitch and pitch discrimina-

bility for inharmonic complex tones and, second, that

“spectral” models of pitch perception involving har-

monic templates (e.g., Goldstein, 1973; Wightman,

1973; Terhardt, 1974) can also account, in principle, for

the finding of poorer discriminability for harmonic or

odd-harmonic tones than for inharmonic tones.
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APPENDIX: AUTOCORRELATION MODEL

The peripheral auditory model that we used to simulate

auditory-nerve-fiber responses to harmonic and inharmonic

complex tones involved the following steps. First, middle-

ear filtering was simulated by attenuating the amplitudes of

the spectral components according to the middle- ear transfer

function described in Glasberg and Moore (2006). Second,

additive synthesis was used to produce stimulus waveforms

(for the simulations, the sampling frequency was set to 100

kHz), and cochlear filtering was simulated by passing each

resulting waveform through a bank of gammatone filters

(Patterson et al., 1995) with CFs spaced equally on the

ERBN scale (Glasberg and Moore, 1990) from 5 to 35

ERBN, i.e., 163 to 9675 Hz. Third, cochlear compression

was simulated by passing the envelope of each gammatone

filter output through a compressive nonlinearity described by

the following equation (Sachs et al., 1989).

dðtÞ ¼ eðtÞ 1þ eðtÞ
10c=20

� ��1=3

; (A1)

where d(t) is the magnitude of basilar-membrane displace-

ment, e(t) is the Hilbert envelope of the considered

gammatone-filter output, and c is the “compression thresh-

old,” which refers to the point at which the slope of the func-

tion relating input level to basilar-membrane displacement

decreases (for details, see Sachs et al., 1989); following

Sachs et al. (1989), c was set to 30 dB SPL.

Fourth, the time-varying mean spike rate was deter-

mined using the following transformation (Sachs et al.,
1989)

�rðtÞ ¼
�rmax dðtÞ=10h=20

� �1:77

1þ dðtÞ=10h=20½ �1:77
þ rs; (A2)

where h is the assumed threshold of the simulated auditory-

nerve fiber (in dB SPL), �rmax is the maximum mean rate (i.e.,

the “saturation” rate, in spike/s), and rs is the spontaneous

rate (also in spike/s). The simulations presented in this arti-

cle were obtained with h set to 20 dB SPL, which corre-

sponds to a “low threshold” fiber (Liberman, 1978), and with

rs set to 10 spike/s. While we acknowledge that this sponta-

neous rate, which was chosen to maximize the peak-to-

trough ratios in the SACF, is atypically low for low-

threshold fibers, simulations performed using higher values

for this parameter led to qualitatively similar conclusions.

Similarly, changes in the value of the threshold parameter, h,
did not markedly affect the conclusions. Note that the time-

varying “mean spike rate” described in Eq. (A2) follows the

envelope but not the temporal fine structure of the input; the

fine-structure is introduced in the following equation.

Fifth, the instantaneous spike rate was determined using

the equation (Colburn, 1973),

rðtÞ ¼ �rðtÞ
I0 gð�f Þð Þ

egð�f Þ cos arg x
_ðtÞ
� �� �

: (A3)

In this equation, I0 is the zeroth-order modified Bessel func-

tion of the first kind; g is a parameter related monotonically

to the synchronization index or “vector strength” (see fol-

lowing text); x̂ðtÞ is the analytic signal of the gammatone-

filter output; the function arg x̂ðtÞ½ � gives the instantaneous

phase, and the cos arg x̂ðtÞ½ �ð Þ gives the carrier (or temporal

fine structure); finally, �f is the geometric-mean instantaneous

frequency (in Hz) of the gammatone-filter output, which was

computed as,

�f ¼ exp 1=T

ð
T

ln @ arg x̂ðtÞ½ �=@t 2pð Þð Þ dt

� �
; (A4)
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where T denotes the time interval over which the gammatone

filter output was taken (in s). Equation (A4) makes use of the

fact that the instantaneous frequency equals the derivative of

the instantaneous phase with respect to time. In practice,

negative instantaneous frequencies, which occasionally

occurred during zero crossings of the gammatone filter out-

put, had to be removed. The time interval, T, was chosen so

that the gammatone-filter output was in the steady state (i.e.,

transients were not included). The duration of the interval

was set to twice the lag corresponding to the lowest F0 for

which the ACF was computed.

The frequency-dependent parameter, gð�f Þ, in Eq. (A3) is

related to the frequency-dependent synchronization index,

sð�f Þ, by (Colburn, 1973)

gð�f Þ ¼ I1 sð�f Þð Þ
I0 sð�f Þð Þ

: (A5)

The dependence of the synchronization index on frequency

is not known for humans. Here, the dependence of the syn-

chronization index on input frequency was modeled as

sð�f Þ ¼ s0

1

1þ
ffiffiffiffiffiffiffi
�1
p �f

�fc

						
						
6

: (A6)

The two vertical bars on the right-hand side of Eq. (A6)

denote the absolute-value operator, which was used to com-

pute the magnitude of the complex quantity between the

bars. The variable, s0, which denotes the maximum synchro-

nization index, was set to 0.8; this value corresponds approx-

imately to the mean synchronization index measured in

auditory-nerve fibers of cats and other mammals in response

to low-frequency pure-tones (e.g., Johnson, 1980). Equation

(A6) represents the transfer function of a low-pass filter

obtained by cascading six first-order low-pass filters with a

cutoff frequency, �fc, of 4800 Hz. These parameters were cho-

sen so that s(t) would roll off at roughly 100 dB/decade

above about 2500 Hz (Heinz et al., 2001).3

The output of the above-described peripheral auditory

model consisted of an ensemble of time-dependent instanta-

neous spike rates, ri(t), where the index, i (1,…, n), refers to

the ith peripheral auditory “channel” in the ensemble of n
channels. The un-normalized ACF of each half-wave-recti-

fied filter output was computed using the following equation,

ci l½ � ¼
Xm�1

k¼0

p½k�p½k þ l�; (A7)

where l indexes the “lag” (or time shift), m equals the length

of the ACF window (expressed as a number of samples), and

p½j� ¼ rðjDtÞDt (A8)

is the probability of a spike occurring in a time interval of

length Dt (s) centered on the jth sample. The value of Dt was

equal to the sampling period, i.e., the inverse of the sampling

frequency; r is the time-dependent instantaneous spiking rate

computed using Eq. (A3).

Following previous investigators (e.g., Cariani, 2004;

Bernstein and Oxenham, 2005; Bidelman and Heinz, 2011),

the unnormalized ACF from each channel was multiplied

point-wise by a weight vector, which is sometimes referred

to as a “lag window,”

wi l½ � ¼ e�l=si ; l ¼ 1;…;m: (A9)

The channel-dependent time constant, si, was obtained using

the following equation,

lnðsiÞ ¼ b lnðfciÞa; (A10)

where fci denotes the CF of channel i. The values of the con-

stants, a, and b, were set in such a way that the mean-

squared-error between the time constants produced using Eq.

(A10), and the time constants used by Cariani (2004) for

CFs comprised between 100 and 1320 Hz was minimized.

The resulting time constants ranged from 4.3 ms for the high-

est CF included in the model (9675 Hz) to 24.4 ms for the

lowest CF (165 Hz). Finally, the “summary ACF” (SACF)

was computed as the average of the ACFs across all

channels.

1For example, the frequency ratio of the second and third components of an

inharmonic complex tone produced by applying a 25% frequency shift to

the frequencies of a harmonic complex tone with an F0 of 400 Hz is equal

to 1.44, whereas for the corresponding unshifted (i.e., harmonic) complex

tone, the ratio is equal to 1.50.
2These mean SDs were computed as the square-root of the arithmetic mean

(across listeners) of the variance (across runs) of the DLC ratios.
3No attempt was made to simulate limits on the ability of auditory-nerve

fibers to phase-lock to the envelope (Joris and Yin, 1992), other than those

resulting from peripheral filtering—which limited interactions between

the frequency components in a CF-dependent manner. We acknowledge

that this is a limitation of the simple phenomenological model used here.

However, considering that the tones used in this study only contained low-

numbered, resolved harmonics that did not produce marked envelope fluc-

tuations at the outputs of the gammatone filters and that our conclusions

based on the model are qualitative rather than quantitative, we think it

unlikely that the lack of explicit modeling of limitations on phase locking

to the envelope had a major impact on our conclusions.
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