
Sequential F0 comparisons between resolved and unresolved
harmonics: No evidence for translation noise between
two pitch mechanismsa)

Christophe Micheylb) and Andrew J. Oxenhamc)

Research Laboratory of Electronics, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139-4307

~Received 29 May 2003; revised 24 June 2004; accepted 13 August 2004!

Carlyon and Shackleton@J. Acoust. Soc. Am. 95, 3541–3554 ~1994!# suggested that
fundamental-frequency~F0! discrimination performance between resolved and unresolved
harmonics is limited by an internal ‘‘translation’’ noise between the outputs of two distinct F0
encoding mechanisms, in addition to the encoding noise associated with each mechanism. To test
this hypothesis further, F0 difference limens~DLF0s! were measured in six normal-hearing listeners
using sequentially presented groups of harmonics. The two groups of harmonics presented on each
trial were bandpass filtered into the same or different spectral regions, in such a way that both
groups contained mainly resolved harmonics, both groups contained only unresolved harmonics, or
one group contained mainly resolved and the other only unresolved harmonics. Three spectral
regions~low: 600–1150 Hz, mid: 1400–2500 Hz, or high: 3000–5250 Hz! and two nominal F0s
~100 and 200 Hz! were used. The DLF0s measured in across-region conditions were well accounted
for by a model assuming only two sources of internal noise: the encoding noise estimated on the
basis of the within-region results plus a constant noise associated with F0 comparisons across
different spectral regions, independent of resolvability. No evidence for an across-pitch-mechanism
translation noise was found. A reexamination of previous evidence for the existence of such noise
suggests that the present negative outcome is unlikely to be explained by insufficient measurement
sensitivity or an unusually large across-region comparison noise in the present study. While the
results do not rule out the possibility of two separate pitch mechanisms, they indicate that the F0s
of sequentially presented resolved and unresolved harmonics can be compared internally at no or
negligible extra cost. ©2004 Acoustical Society of America.@DOI: 10.1121/1.1806825#

PACS numbers: 43.66.Hg, 46.66.Fe@NFV# Pages: 3038–3050
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I. INTRODUCTION

Harmonic complex tones generally evoke a sensation
pitch corresponding to their fundamental frequency~F0!.
This sensation, which is elicited even when the F0 com
nent itself is absent from the physical spectrum, is gener
referred to as complex pitch, fundamental pitch, resid
pitch, or periodicity pitch. Although the mechanisms medi
ing periodicity pitch have been studied experimentally
over a century, they remain uncertain. One important o
question is whether F0 perception is mediated by a sin
mechanism in all circumstances~e.g., Meddis and O’Mard
1997!, or whether different mechanisms operate, depend
on whether the harmonics are resolved or not in the audi
periphery ~e.g., Carlyon and Shackleton, 1994!. Resolved
harmonics are thought to be represented individually in
auditory periphery, and can be individually ‘‘heard out
whereas unresolved harmonics combine within the periph
to produce complex waveforms with a repetition rate cor
sponding to the F0.

a!Portions of this work were presented at the 145th meeting of the Acous
Society of America, Nashville, Tennessee, 28 April–2 May 2003@J.
Acoust. Soc. Am.113, 2225 ~2003!# and at the International Symposium
on Hearing, Dourdan, France, 24–28 August 2003.

b!Electronic mail: cmicheyl@mit.edu
c!Electronic mail: oxenham@mit.edu
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One of the seemingly strongest arguments in favor of
‘‘two pitch mechanisms’’ hypothesis was put forward by Ca
lyon and Shackleton~1994!. They showed that performanc
in a task where listeners had to compare the F0s of
harmonic complexes presented simultaneously in differ
spectral regions was significantly worse than predicted
conditions where one group of harmonics was resolved
the other was unresolved, but not when both groups w
resolved. They argued that this was consistent with the e
tence of an extra source of internal noise associated with
‘‘translation’’ between the outputs of the two F0-encodin
mechanisms, in addition to the encoding noise associa
with each mechanism. Carlyon and Shackleton further no
that existing implementations of a single, autocorrelatio
based model of F0 encoding did not account for the find
of better F0 discrimination performance between two
solved complexes than between one resolved and one u
solved complex irrespective of spectral region~see also Car-
lyon, 1998!.

More recently, Carlyonet al. ~2000! found that thresh-
olds for detecting mistuning between two simultaneous
modulated complexes filtered into different spectral regio
were larger when the two complexes were of a different
solvability status than when they were of the same reso
ability status~at least for modulation rates below 10 Hz!.
These authors also proposed a model for predicting
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thresholds in simultaneous across-region conditions fr
those measured in within-region conditions, but they did
test specifically for translation noise between the outputs
two distinct mechanisms for the pitch of resolved and un
solved harmonics in that study. Similarly, an earlier study
Carlyonet al. ~1992! looked at F0 comparisons between
multaneous F0-modulated complexes, using both reso
and unresolved harmonics, but did not test specifically
translation noise. Thus, the currently available empirical e
dence for translation noise remains limited to a single st
~Carlyon and Shackleton, 1994!.

The present study provides a further test of the existe
of translation noise in comparisons between F0 estim
derived from resolved and unresolved harmonics. Thresh
for F0 comparisons betweensequentialharmonic complexes
filtered into the same or different spectral regions were m
sured in six normal-hearing listeners. The nominal F0s
spectral regions were chosen in such a way that the stim
contained either mostly resolved or only unresolved harm
ics. In one set of conditions, the two tones being compa
on each trial were filtered into the same spectral reg
~within-region comparisons!. In this situation, the harmonic
of both complexes had the same resolvability status. In
other set of conditions, the two complexes were filtered i
different spectral regions~across-region comparisons!. In
this situation, depending on which particular combination
spectral regions and nominal F0 was used, the harmonic
the two complexes had either the same or a different res
ability status. By comparing thresholds in these differe
conditions, we could estimate the size of the encoding no
the ~across-region! comparison noise, and the~across-
mechanism! translation noise, and determine the significan
of their respective influences.

II. METHODS

A. Listeners

Overall, six subjects~one female, five male, ages b
tween 26 and 46 years! took part in the experiment. All had
pure-tone hearing thresholds not exceeding 20 dB HL at
tave frequencies between 250 and 8000 Hz. All listeners
ceived substantial training in F0 discrimination using t
same stimuli and conditions as used in this study. The lis
ers were initially trained with stimuli filtered into the sam
frequency region, so that they could grasp the pitch discri
nation task without being confused by timbre differenc
Following this initial training phase, the listeners we
trained in F0 discrimination with complexes filtered into d
ferent spectral regions, until stable thresholds were obtai
Overall, the listeners had received at least 35 h of train
before data collection began.

B. Stimuli

The stimulus design was inspired by Shackleton a
Carlyon ~1994!. These authors used a combination of thr
spectral regions and two F0s in order to tease apart the
fluence of resolvability from that of F0 or spectral regio
alone. Our selection of spectral regions was based on a
vergence of evidence, suggesting that for F0s between a
J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004 C. Michey
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100 and 200 Hz, harmonics above about the 10th are u
solved ~Hoekstra, 1979; Houtsma and Smurzynski, 199
Bernstein and Oxenham, 2003!. Accordingly, in the ‘‘unre-
solved’’ conditions of the present study, only harmoni
above the 10th were contained in the passbands of the s
tral regions. We tried to improve on Shackleton and Car
on’s design by choosing spectral regions whose 3-dB p
bands always contained at least three harmonics, yet n
contained the F0 component itself, and had roughly eq
widths on a Cam or ERBN scale~Glasberg and Moore, 1990
Moore, 2003!. In addition, consecutive spectral regions we
separated by a roughly equal number of Cams.

The stimuli consisted of harmonic complexes filter
into one of three different spectral regions defined by
following corner frequencies: 600–1150 Hz~low!, 1400–
2500 Hz~mid!, or 3000–5250 Hz~high!, with spectral slopes
on the two sides of 48 dB/oct. Depending on the condit
being tested, the two complexes presented successive
each trial were filtered into the same or different spec
regions. Three conditions involved within-region compa
sons~low-low, mid-mid, and high-high! and three involved
across-region comparisons~low-mid, low-high, mid-high!.
The nominal F0 of the complexes was either 100 or 200
leading to 12 combinations of F0 and spectral region. T
actual F0s of the complexes presented during the experim
were positioned symmetrically on a logarithmic scale arou
a reference frequency, which was randomized across t
over a 1-semitone~roughly 63%! range around the nomina
F0 ~100 or 200 Hz!. The spectral regions and F0s were ch
sen such that the passbands would contain~a! resolved har-
monics at both nominal F0s in the low region,~b! only un-
resolved harmonics at both F0s in the high region, and~c!
only unresolved harmonics at the lower F0 but resolved h
monics at the higher F0 in the mid region; this is summariz
in Table I.

A background noise was used to mask combinat
tones. As in Bernstein and Oxenham’s~2003! study, the
background noise was designed to produce roughly eq
pure-tone masked thresholds over a wide frequency rang
was characterized by a flat spectral envelope below 600
and a spectral slope of22 dB/oct above that frequency. Th
noise was low-pass filtered at a cutoff of 16 kHz. It start
500 ms before the first interval and ended 500 ms after
second interval, for a total duration of 2500 ms, includi
100-ms raised-cosine ramps. The tones had an overall d
tion of 500 ms, including 20-ms raised-cosine ramps. T
spectrum level of the noise in its flat spectral portion~below
600 Hz! was set 30 dB below the level of the individu

TABLE I. Summary of the resolvability conditions produced by combini
one of two different nominal F0s with one of three different spectral regio
Entries with the letter R indicate conditions involving essentially resolv
harmonics. Entries with the letter U indicate conditions involving only u
resolved harmonics.

F0
~Hz!

Low
600–1150 Hz

Mid
1400–2500 Hz

High
3000–5250 Hz

100 R U U
200 R R U
3039l and A. J. Oxenham: F0 comparisons across spectral regions
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FIG. 1. Mean DLF0s in within-region and across-region conditions. The left-hand panels show within-region data; the right-hand panels show acrregion
data. The upper panels show averages across all six listeners; the lower panels show averages across listeners 1–3. The different spectral reed to
produce the different conditions are indicated on the abscissa. DLF0s measured using the 100-Hz nominal F0 are indicated by filled symbols coy
solid lines, those measured using the 200-Hz nominal F0 by open symbols connected by dashed lines. For within-region conditions~left-hand panels!, DLF0s
measured in conditions involving resolved harmonics are indicated by the letter R, and DLF0s measured in conditions involving only unresolved hnics
are indicated by the letter U, next to the corresponding symbols. In across-region conditions~right-hand panels!, DLF0s measured in conditions involving tw
resolved groups are indicated by the letters RR, and DLF0s measured in conditions involving two unresolved groups are indicated by the letters Ut to
the corresponding symbol.~The symbols corresponding to conditions involving one resolved and one unresolved group are not associated to letters
to avoid cluttering.! Note that while the letters R and U in the within-region panels are associated with more than one symbol, the letters RR and U
across-region panels correspond to the single nearest symbol. The 70.7%-correct DLF0s are represented by downward-pointing triangles; the 79correct
DLF0s are represented by upward-pointing triangles. The error bars represent the standard error of the geometric mean across listeners, after reing any
overall differences in performance between listeners~i.e., after subtracting their average from the log-transformed DLF0s in each listener!.
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harmonics within the complexes. The harmonics were ad
in sine phase and presented at a level of 45 dB SPL
component in the passband.

C. Procedure

DLF0s were measured using an adaptive two-interv
two-alternative forced-choice~2I-2AFC! procedure with ei-
ther a two-down, one-up or a three-down, one-up rule, tra
ing the 70.7% and 79.4% correct points, respectively.
each trial, listeners were presented with two successive c
plex tones differing in F0 byDF0. Their task was to judge
which of the two intervals contained the complex with t
higher F0. The two observation intervals were marked vi
ally, and visual feedback was provided after each trial.

At the beginning of a run,DF0 was set to 40%. Depend
ing on the convergence point used~70.7% or 79.4%!, DF0
was reduced after two or three consecutive correct respon
in all cases, it was increased following an incorrect respon
The factor of variation ofDF0, which was initially 4, was
reduced to 2 the first time thatDF0 went from decreasing to
increasing, and to& the second time~which corresponded to
the third overall reversal, a reversal being defined a
change in the direction of variation ofDF0, either from in-
3040 J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004 C.
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creasing to decreasing, or from decreasing to increasi!.
Thresholds were estimated based on the last 12 reversa
the last step size, out of a total of 16 reversals in each tr
~see below!.

Within each run, two independent tracks were random
interleaved, with each track assigning the higher F0 to
different spectral region. For instance, in the low-mid con
tion, one track had the higher F0 assigned to the low reg
and the other track had the higher F0 assigned to the
region. This allowed us to control for~and calculate! any
response biases, or pitch shifts, due to differences in spe
region. Response biases could arise if listeners responde
the basis of spectral region or timbre, rather than periodic
pitch, thus selecting the observation interval that contain
the complex filtered in the higher region, not that with t
higher F0. Pitch shifts could arise due to a genuine influe
of spectral region on pitch~Walliser, 1969; Ohgushi, 1978
Moore and Moore, 2003a,b!. Although no such response b
ases or pitch shifts could occur in within-region conditio
~as both tracks were identical!, these conditions were run in
the same way for consistency. Based on the differences
tween the raw DLF0s measured in each interleaved pai
tracks, we could estimate the amount of spectral-region b
Micheyl and A. J. Oxenham: F0 comparisons across spectral regions
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in each condition, and determine the ‘‘true’’ DLF0s~after
removing the spectral-region bias! in the corresponding con
dition, as described in Appendix A. Only the ‘‘true’’ DLF0s
computed as described in Appendix A, were used in the
ures, statistical analyses, and model predictions presente
this article. For clarity, these ‘‘true’’ DLF0s are simply re
ferred to as ‘‘DLF0s’’ throughout the paper, the express
‘‘raw DLF0s’’ being reserved for the original DLF0s mea
sured in each interleaved track of the adaptive proced
Three ‘‘true’’ DLF0s were obtained in each condition. Poo
ing across runs and listeners always involved geome
rather than arithmetic, averages.

D. Apparatus

The stimuli were generated digitally and played out via
soundcard~LynxStudio LynxOne! with 24-bit resolution and
a sampling frequency of 32 kHz. The stimuli were th
passed to a headphone buffer~TDT HB6! before being pre-
sented to the subject via the left earpiece of Sennheiser
580 headphones. Subjects were seated in a double-w

FIG. 2. Spectral-region bias in across-region conditions. The upper p
shows averages across all six listeners; the lower panel shows ave
across listeners 1–3. The different spectral regions used to produce
different conditions are indicated on the abscissa. The amount of bia
represented on the ordinate as a multiplicative factor. Values around
indicate no spectral region bias. Values below one indicate a tendenc
report the stimulus in the higher spectral region as having the lower
values above 1 indicate a tendency to hear the stimulus in the higher sp
region as having the higher F0. Data obtained using a 100-Hz nomina
are indicated by filled symbols connected by solid lines; those obta
using a 200-Hz nominal F0 are indicated by open symbols connecte
dashed lines. The downward-pointing triangles correspond to 70.7%-co
points, the upward-pointing triangles to 79.4%-correct points. The error
represent the standard error of the geometric mean across listeners,
removing any overall differences in performance between listeners.
J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004 C. Michey
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sound-attenuating chamber. Intervals were marked
‘‘lights’’ on a virtual response box, displayed on a comput
screen, and subjects responded via a computer keyboar

III. RESULTS

A. DLF0s

Figure 1 shows the DLF0s measured in the with
region conditions~left! and the across-region condition
~right!. The upper two panels show mean results obtained
averaging across all six listeners. The lower two panels sh
the mean results averaged across only three of the abov
listeners. The data of these three listeners were isolated
cause they showed the lowest thresholds and the clea
dissociation, in the within-region conditions, between con
tions that involved resolved harmonics and conditions t
did not. Selecting these listeners for illustration will be im
portant when examining the evidence for translation noise
mixed-resolvability conditions. This is because those list
ers with the lowest levels of encoding noise~i.e., lower
thresholds! are perhaps the most likely to exhibit the effec
of any additional noise sources. Accordingly, we ran two s
of analyses in parallel: one on the data of all six listeners
one on the data of listeners 1–3 only.

Consider first the within-region data shown in the le
hand panels. As expected, the 79.4%-correct thresholds w
generally higher than the 70.7%-correct thresholds@F(1,5)
528.95,p,0.005].1 Also as expected, conditions involvin
resolved harmonics~which are indicated by the letter R nex
to the corresponding symbols in Fig. 1! produced lower
thresholds than conditions with unresolved harmon
~which are indicated by the letter U!. The average DLF0s in
the three selected listeners~lower left panel! are in good
agreement with those obtained in earlier studies involv
comparable stimuli~Hoekstra, 1979; Shackleton and Ca
lyon, 1994!. Most importantly, the difference betwee
resolved- and unresolved-harmonic conditions observed
these three listeners is at least as large as that observ
these earlier studies.

The right-hand panels in Fig. 1 show the DLF0s me
sured in across-region conditions. When the whole stu
group was considered~upper right panel!, no significant dif-
ference was observed between the DLF0s measured in
ditions involving one resolved and one unresolved gro
and those measured using both resolved or both unreso
groups~which are marked as ‘‘RR’’ and ‘‘UU,’’ respectively
in Fig. 1! @F(1,5)50.26; p50.630]. Furthermore, the
DLF0s measured using two resolved groups~i.e., in the low-
mid condition with the 200-Hz nominal F0, which is marke
as ‘‘RR’’ in Fig. 1! did not differ significantly from those
measured using two unresolved groups~i.e., in the mid-high
condition with the 100-Hz nominal F0, which is marked
‘‘UU’’ in Fig. 1 ! @F(1,5)51.77,p50.241]. In the subset o
listeners~listeners 1–3! whose within-region data showe
the clearest dissociation between resolved and unreso
conditions, the DLF0s measured using two groups of
solved harmonics were smaller than those measured u
two unresolved groups. This difference was marginally s
nificant @F(1,2)518.48,p50.050].
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As in the within-region conditions, a significant diffe
ence was found between the 70.7%- and the 79.4%-co
DLF0s @F(1,5)547.97, p50.001 for all six listeners;
F(1,2)552.84, p50.018 for the three selected listener#.
The increase in DLF0s between the 70.7%- and 79.4
correct points, although somewhat variable across co
tions, did not differ significantly across conditions and w
around 50% on average. Assuming unbiased respond
70.7% and 79.4% correct in a 2AFC task correspond tod8
values of about 0.77 and 1.16, respectively—also an incre
of about 50%. This finding of similar proportional increas
in DLF0 andd8 is consistent with earlier results~Plack and
Carlyon, 1995!.

B. Spectral-region bias

Figure 2 shows the estimated amount of spectral-reg
bias in the across-region conditions, calculated as descr
in Appendix A. The amount of bias is expressed as a mu
plicative factor: a value of 1 indicates no bias; values bel
1 indicate a tendency to respond that the stimulus in
higher spectral region has the lower pitch; values abov
indicate a tendency to respond that the stimulus in the hig
spectral region has the higher pitch. Although a seemin
large bias was apparent in some conditions~see low-high
200 Hz and mid-high 100-Hz conditions, in which the av
age bias corresponded to about a semitone!, a post-hocsta-
tistical analysis, with Bonferroni correction, of the whol
group data failed to reveal any significant biases (p.0.05 in
all cases!. The data from the subset of listeners 1–3, who
within-region DLF0s were the lowest, showed even less
parture from no bias.

C. Comparisons with model predictions

As mentioned in the Introduction, Carlyon and Shack
ton ~1994! proposed that performance in tasks involving
comparisons between harmonic complexes filtered into
ferent spectral regions may be limited by three sources
internal noise: encoding noise, across-region compar
noise, and, when the complexes are processed via diffe
mechanisms, across-mechanism translation noise. The si
these different internal noises can be estimated based o
DLF0s measured in different conditions. For instance,
size of the encoding noise for a specific nominal F0 a
frequency region can be estimated directly from the DLF
measured with complexes filtered into the same region, s
in that situation only encoding noise should be prese
Based on Green and Swets~1966!, for a 2AFC task,

d2AFC8 5
2D

A2se
2

, ~1!

whereD is the distance along the relevant internal decis
axis between the means of the two distributions of activ
~probability densities! evoked by the two stimuli to be com
pared. The two distributions are assumed to be Gauss
with common variancese

2. The 2AFC subscript afterd8 is
here to avoid confusion with thed8 that would be obtained in
a yes/no task; given the sameD andse

2, d2AFC8 is & times
d8. Based on the present findings and the earlier results
3042 J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004 C.
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Plack and Carlyon~1995!, showing that in frequency or F0
discrimination tasksd8 is proportional to the F0 difference
(DF0) in Hz between the two stimuli being compared, a
assuming for simplicity that the factor relatingd2AFC8 to DF0
expressed in percent of the F0 is constant and equal to u
the size of the encoding noise2 can be estimated as

se5A2
DLF0

d2AFC8
, ~2!

where DLF0 is the measuredDF0 at threshold~in % of F0!,
andd2AFC8 is calculated as two times the z-score~computed
using the inverse of the standard cumulative normal fu
tion! of the input probability corresponding to the target
percent correct in the 2AFC task~Green and Swets, 1966!.

When the two complexes within a trial are filtered in
different spectral regions, the encoding noises in the t
observation intervals may differ and across-region comp
son noise must be added. In that situation, provided the
complexes being compared both contain either resolved
unresolved harmonics~so that no translation noise i
present!, one has

d2AFC8 5
2DLF0

Ase1
2 1se2

2 1sc
2

, ~3!

where DLF0 is theDF0 at threshold measured in the cons
ered across-region condition~say, low-mid! at the considered
nominal F0~say, 200 Hz!, se1

2 andse2
2 are the variances o

the encoding noises associated with the two considered s
tral regions~in this example, low and mid! for the same
nominal F0, andsc

2 is the variance of the across-region com
parison noise in the considered condition~low-mid, 200 Hz
F0!.

Rearranging the terms in Eq.~3!, one obtains

DLF05 1
2d2AFC8 Ase1

2 1se2
2 1sc

2. ~4!

FIG. 3. Estimated sizes~i.e., standard deviations! of the encoding noise
associated with comparisons between two resolved groups~empty bars!, two
unresolved groups~black bars!, or one resolved and one unresolved gro
~horizontal-strip bars!, and of the across-region comparison noise~crossed
bars!. The first six groups of bars correspond to individual data; the rem
ing two groups of bars show averages across all six listeners and acros
three selected listeners.~See text for details.!
Micheyl and A. J. Oxenham: F0 comparisons across spectral regions
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The variancesse1
2 andse2

2 can be derived directly from
the DLF0s measured in within-region conditions~in the
above example, low 200 Hz and mid 200 Hz! using Eq.~2!.
The variancesc

2 can then be estimated as the value minim
ing the root-mean-square~rms! difference between the mea
log-transformed DLF0s predicted using Eq.~4! and the mea-
sured~i.e., observed! ones, over all across-region condition
in which the two groups of harmonics are either both
solved or both unresolved.

The best-fitting estimate of the across-region comp
son noise size, measured as its standard deviation,sc , is
shown in Fig. 3 for each of the six listeners. The~geometric!
mean noise sizes across all six listeners or just the th
selected listeners are shown on the right. The size of
combined encoding noises (Ase1

2 1se2
2 ) associated with F0

comparisons between two groups of resolved harmo
~RR!, two groups of unresolved harmonics~UU!, and one

FIG. 4. Comparison between the observed and the predicted DLF0s in
across-region conditions. The upper panel shows averages across a
listeners; the lower panel shows averages across listeners 1–3. The sy
show the geometric mean of the 70.7%- and 79.4%-correct DLF0s meas
in each condition. As for Fig. 2, DLF0s obtained using the 100-Hz nom
F0 are indicated by filled symbols and DLF0s measured using the 200
nominal F0 are indicated by open symbols. The error bars represen
standard error of the geometric mean across listeners, after removing
overall differences in performance between listeners. The lines repre
predictions. The solid lines correspond to predictions for the 100-Hz no
nal F0, the dashed lines to predictions for the 200-Hz nominal F0. The
lines correspond to predictions using only encoding noise. The thick l
correspond to predictions assuming encoding and across-region compa
noise.~See text for details.!
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resolved versus one unresolved group are plotted for c
parison. As expected from the DLF0s measured in with
region conditions, the total amount of encoding noise w
generally smaller for resolved than for unresolved harm
ics. On average, the across-region comparison noise wa
roughly the same size as the total amount of encoding n
associated with comparisons between one resolved and
unresolved group.

Before trying to estimate the size of the acros
mechanism translation noise, it is worth examining first h
well the observed DLF0s in conditions involving one r
solved and one unresolved complex can be predicted u
only encoding and across-region comparison noise. Figu
shows the 75%-correct across-region DLF0s predicted u
Eq. ~4! with the across-region comparison noise set to z
~thin lines! or to its best-fitting value, held constant acro
conditions~thick lines!. The thin lines show predictions as
suming that the DLF0s in across-region conditions were, l
those measured in within-region conditions, limited only
encoding noise. ‘‘Observed’’ DLF0s corresponding
roughly 75% correct, which were calculated as the geome
mean of the 70.7%- and 79.4%-correct DLF0s measure
across-region conditions~shown in Fig. 1!, are plotted here
as symbols. As can be seen, the predictions obtained with
across-region comparison noise set to zero generally resu
in substantial underestimates of the actual DLF0s. On
other hand, the predictions derived with a constant~nonzero!
across-region comparison noise, derived through optimal
ting of the DLF0s only in across-region conditions involvin
two groups of resolved or two groups of unresolved harm
ics, provided a good fit to the whole set of across-reg
DLF0s, including those measured using one resolved
one unresolved group. The observed and predicted~log-
transformed! DLF0s were compared using an ANOVA fo
repeated measures. Only the four combinations of nom
F0 and spectral region that involved across-region comp
sons between one resolved and one unresolved group
included in this analysis. No significant difference was fou
between the predicted and the observed thresholds@F(1,5)
50.00, p50.973 for the whole study group; F~1,2!50.06,
p50.831 for the subset of three listeners#. This indicates that
the present results can be accounted for with a model ass
ing only two additive sources of internal noise: one source
F0 encoding noise, the size of which varies across con
tions, depending primarily on whether the harmonics are
solved or not; and another source of noise, associated
across-region comparisons, the size of which is cons
across conditions. No other source of internal noise is nee
to explain the present results. Furthermore, adding an e
source of noise in conditions involving comparisons betwe
one resolved and one unresolved group of harmonics wo
not improve the accuracy of fit because, as can be see
Fig. 4, the predictions do not systematically underestim
the thresholds observed in these conditions. In other wo
the present results provide no evidence for the existenc
an across-pitch-mechanism translation noise.

he
six
ols

red
l
z

he
ny
nt

i-
in
s

son
3043l and A. J. Oxenham: F0 comparisons across spectral regions



eral fo
s

FIG. 5. Mean DLF0s measured in within-region and across-region conditions using a 4-semitone randomization range for the nominal-F0. The genrmat
is the same as for Fig. 1. The only differences are that the upper panels show averages across five listeners~listeners 2–6! and the lower panels show average
across listeners 2–4, and that only 79.4%-correct DLF0s were measured.
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IV. EFFECTS OF INCREASING THE F0
RANDOMIZATION RANGE

A. Rationale

One possible reason why no evidence for an acro
pitch-mechanism translation noise was found in the prec
ing experiment is that listeners avoided comparing the F0
the two complexes presented in the two observation inter
when one of these complexes was resolved and the other
unresolved. Indeed, listeners could in theory do the task a
it were a one-interval task, ignoring one of the two obser
tion intervals and simply comparing the F0 in the other o
servation interval to an internal criterion corresponding
the nominal F0. If the F0 in the chosen observation inter
were higher than the criterion, the listener would design
that interval as the one containing the higher-F0 comp
Listeners may have been led to use this ‘‘one interval’’ str
egy in conditions involving one resolved and one unresol
group because, in those conditions, direct comparisons
tween the F0s of the two stimuli were perhaps strongly li
ited by translation noise.

In order to test whether the DLF0s measured in con
tions involving one resolved and one unresolved group
experiment I could be accounted for by this type of expla
tion, we calculated the smallest F0 difference~DF0! required
to achieve a given percentage of correct responses~70.7% or
79.4%! with this ‘‘one-interval’’ strategy. In order to obtain
conservative test, it was assumed that both the internal c
rion and the F0 derived from the selected observation in
val were completely noise-free~i.e., perfect coding was as
sumed!. Thus, theDF0s indicated below must be regarded
3044 J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004 C.
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an absolute lower bound on the DLF0s: observed DLF
smaller than these values cannot be explained in terms o
above-described ‘‘one-interval’’ strategy; DLF0s larger th
these values may be explained in terms of this strategy,
vided the amount of coding noise is sufficiently small. Na
rally, if perfect coding is assumedand the nominal F0 of the
stimuli is not roved across trials, listeners can achieve 10
correct. If the nominal F0 is roved across trials over a ran
R ~in semitones!, then the F0 difference,DF0, required to
obtain a certain proportion of correct responses, Pc, is sim
equal to 2R~Pc20.5! semitones. In experiment I, the nomin
F0 of the stimuli was roved over a 1-semitone range~roughly
63%!. With this roving range, the formula predicts th
70.7% of correct responses can be achieved with aDF0 of
only 2.4%, and that 79.4% correct can be achieved wit
DF0 of 3.5%. Since these lower bounds are smaller than
DLF0s measured in conditions involving one resolved a
one unresolved group~see Fig. 1!, the possibility that listen-
ers used the ‘‘one interval’’ strategy in these conditions c
not be ruled out. Thus, it is possible in theory that the lack
evidence for translation noise in experiment I was due to
fact that listeners never directly compared the F0s of
solved and unresolved complexes.

One way of encouraging listeners to compare the F0
the two stimuli presented within each trial is to increase
randomization range of the nominal F0. Accordingly, we
tested five out of the six listeners who had taken part
experiment I using the same F0 and region conditions,
this time with an F0 randomization range of 4 semiton
instead of just 1 semitone. Using the above formula, it can
Micheyl and A. J. Oxenham: F0 comparisons across spectral regions
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shown that with such a randomization range, listeners wo
need aDF0 of at least 14.6% to perform at 79.4% correct.
the DLF0s measured in the second experiment are below
predicted value, one could conclude that listeners were c
paring the F0s of the resolved and unresolved stimuli. On
other hand, if the DLF0s are larger than the predicted val
above, this would support the view that listeners were re
ing on an internal reference rather than comparing the
observation intervals. Furthermore, if it turned out that
measured thresholds are significantly larger than the
dicted ones specifically in conditions involving one resolv
and one unresolved group of harmonics, this would be c
sistent with the existence of translation noise.

B. Methods

The stimuli and procedure were the same as in the
experiment. The only differences were in the size of the
roving range, which was now 4 semitones~i.e., 62 semi-
tones around the nominal F0!, and in the targeting of only
one percent-correct value~79.4%! instead of two. The six
listeners who had taken part in experiment I also took par
experiment II. However, one listener~listener 1! became un-
available before the end of that second experiment. Th
only the data from listeners 2–6 could be retained in the fi
analyses. As in experiment I, two sets of analyses were ru
parallel: one on the data of all five listeners, the other on
data of a subset of three listeners who showed the low
thresholds and whose within-region data showed the lar
difference between conditions that involved resolved h
monics and those that did not. As listener 1 was no lon
available, these were now listeners 2–4.

C. Results and discussion

The results of experiment II are shown in Fig. 5. In t
across-region conditions, the measured DLF0s were sig
cantly lower on average than the prediction of the intern
reference model~14.6%!, even in the whole study grou
~Fig. 5, left panel! @ t(71)52.50, p,0.01]. This indicates
that listeners were not simply basing their responses on c
parisons with a constant internal reference F0.

Furthermore, although a visual comparison betwe
Figs. 1 and 5 suggests that increasing the roving range
duced some increase in the DLF0s, statistical comparis
between the 79.4%-correct thresholds measured in the 1-
4-semitone roving-range conditions in the five listeners w
took part in both experiments showed no significant diff
ence. The same analysis, when run on the data of the t
selected listeners~listeners 2–4!, led to the same outcome
This lack of a significant effect of the roving range is co
sistent with the notion that listeners were not relying on
fixed internal reference in either experiment I or II.

As with experiment I, the DLF0s measured in withi
region conditions were used to estimate the amount of in
nal noise present in these conditions. These internal n
estimates were then used to predict the DLF0s measure
across-region conditions assuming only across-region~no
across-pitch-mechanism translation! noise. Once again, no
significant difference was found between the observed
J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004 C. Michey
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predicted DLF0s in conditions involving comparisons b
tween one resolved and one unresolved group, indepen
of whether the analysis was carried out on the data of all
listeners@F(1,4)50.22, p50.664] or of the three selecte
listeners@F(1,2)51.82,p50.310].

In summary, the apparent lack of translation noise
experiments I and II is not likely to be due to listeners usi
an internal reference F0 and failing to actually compare F
across spectral regions. This leaves us with other interpr
tions to consider in the general discussion: either there is
across-pitch-mechanism translation noise in the auditory
tem or, at least, the size of this noise is small in compari
to that of the other sources of observer- or measurem
related noise present in this study.

V. GENERAL DISCUSSION

A. Was the across-mechanism translation noise
swamped by the across-region comparison noise?

A possible reason why the observed and predic
DLF0s in resolved–unresolved conditions differed very lit
is that translation noise was swamped by the other source
internal noise present in the across-region conditio
namely, the encoding and across-region comparison no
Since both of these sources of internal noise are pre
whenever listeners compare the F0s of harmonics in diffe
frequency regions, one might argue that if the translat
noise is not large enough to have an effect in the presenc
these other sources of internal noise, its influence will ne
be observed, except perhaps under conditions involv
comparisons between resolved and unresolved harmonic
tered into the same spectral region~and, consequently, no
across-region-comparison noise!. However, it is possible tha
some experimental situations yield less across-region c
parison noise than others. For instance, Carlyon and Sh
leton ~1994! found no significant across-region noise in F
comparisons between simultaneously presented group
harmonics~we discuss this finding in more detail below!.

FIG. 6. Estimated size~i.e., standard deviations! of the encoding noise, the
across-region comparison noise, the across-pitch-mechanism trans
noise, and/or the total noises involved in comparisons between one res
and one unresolved group in the present study~empty bars! and in the study
of Carlyon and Shackleton~1994! ~solid bars!. ~See text for details.!
3045l and A. J. Oxenham: F0 comparisons across spectral regions
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Furthermore, as the detrimental influence of differences
spectral region or timbre on DLF0s appears to vary subs
tially across listeners, it is also conceivable that in so
listeners~possibly those with extensive musical training!, the
size of the across-region comparison noise is so reduced
it becomes negligible. Although some of our listeners h
some musical training and all were trained in both t
within- and across-region conditions prior to data collectio
we cannot rule out the possibility that other listeners mi
exhibit smaller amounts of across-region comparison no

In order to test whether the lack of evidence for trans
tion noise in the present study could be due to the prese
of unusually large encoding and/or across-region compar
noise, we compared the size~standard deviation! of the total
amount of noise in our across-resolvability conditions to
size of the encoding noise associated with comparisons
tween one resolved and one unresolved complex in Car
and Shackleton’s~1994! study. Details on how these est
mates were obtained from the data plotted in Carlyon
Shackleton’s article are provided in Appendix B. Three i
portant considerations are worth mentioning here:~a! Be-
cause Carlyon and Shackleton found no significant acr
region comparison noise, the only significant source
internal noise in their simultaneous experiment besides tr
lation noise was encoding noise.~b! Since the performance
in simultaneous comparisons between two unresolved c
plexes in Carlyon and Shackleton’s study was enhanced
the detection of pitch pulse asynchronies, the encoding n
for unresolved complexes could only be predicted from
sequential comparisons.~c! While Carlyon and Shackleton’
experiment testing for across-region comparisons invol
four groups of harmonics on each trial~two in each observa
tion interval!, ours involved only two, and in both exper
ments translation noise was thought to compete with the
coding noise associated with two complexes, not four. Th
three considerations indicate that the relevant compariso
between thetotal amount of ~encoding and across-region!
noise associated with across-region comparisons involv
one resolved and one unresolved complexes in the pre
study, and the amount ofencodingnoise associated with cor
responding comparisons in Carlyon and Shackleton~1994!,
as predicted from the sequential-comparison data in
study.

Figure 6 compares the sizes~or standard deviations! of
the internal noises computed in the present study~for the
three listeners of experiment I! with those estimated from th
data plotted in Carlyon and Shackleton’s~1994! article~Figs.
6, 7, and 9 in that article!. It can be seen that the amount
encoding noise associated with comparisons between
group of resolved and one group of unresolved harmonic
the three selected listeners of the present study is simila
that measured in three listeners by Carlyon and Shackl
~1994!. Nevertheless, because of the additional across-re
comparison noise found in this study, the total noise pot
tially competing with translation noise was slightly larger
the present study than in Carlyon and Shackleton~1994!
~compare ‘‘overall RU M&O’’ with ‘‘encoding RU C&S’’ in
Fig. 6!. In theory, this could have limited the ability of th
present study to find evidence for translation noise. Howe
3046 J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004 C.
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the reanalysis of Carlyon and Shackleton’s data also rev
that the size~standard deviation! of the putative translation
noise in their study was about four times larger than
overall size of the other sources of internal noise associa
with comparisons between one resolved and one unreso
complex~compare the last two histogram bars in Fig. 6!.

If a translation noise of the size found by Carlyon a
Shackleton had been present in our study, would it have b
detected? More generally speaking, how large should
translation noise have been in order for its influence on
DLF0s to be detectable in the present study? In order
answer this question, we gradually increased the previou
estimated size of the internal noise added to the encod
noise in conditions involving comparisons between one
solved and one unresolved group in experiment I, reco
puted the DLF0 predictions with the artificially increase
internal noise size, and compared the newly predicted thre
olds with the observed ones. Repeating this procedure u
the ANOVA yielded a significant outcome (p,0.05), we
found that increasing the size~standard deviation! of the
noise added to the total amount of encoding noise
resolved–unresolved comparisons by 75% was sufficien
produce a statistically significant deviation between the p
dicted and observed thresholds@F(1,5)56.74,p50.049]. A
75% increase in the size~standard deviation! of the across-
region comparison noise was found to correspond roughl
a 50% increase in the total amount of~encoding plus across
region comparison! noise measured in the considered con
tions. To yield this 50% increase in total noise size, the ad
~‘‘translation’’! noise should have a size slightly~i.e., about
12%! larger than that of the total amount of encoding pl
across-region comparison noise already present in
resolved-vs.-unresolved conditions.3 The size of the transla
tion noise estimated from Carlyon and Shackleton’s~1994!
data was about four times the total amount of~encoding!
noise that was associated with resolved–unresolved com
sons in that study, and it is between 2 and 3.5 times the t
amount of~encoding plus across-region comparison! noise
measured in the present study~depending on whether on
considers the data of all six listeners or only those of
three selected listeners, respectively!. All of these ratios are
substantially larger than the 12% difference needed to p
duce a statistical increase in DLF0s here. Thus, had an a
tional noise with the same relative size as that observe
Carlyon and Shackleton’s~1994! study been present here, i
influence would have been detected. To check this con
sion, we also tried adding to the total amount of intern
noise measured in resolved–unresolved conditions here
other noise with the same absolute~rather than relative! size
as the translation noise in Carlyon and Shackleton~1994!. As
expected, this resulted in a statistically significant differen
between the predicted and observed DLF0s in the consid
conditions @F(1,5)514.51, p50.013]. These observation
indicate that the discrepancy between the present results
those of Carlyon and Shackleton~1994! cannot be explained
simply by insufficient statistical power or the presence
unusually large encoding and/or across-region compar
noise in present study.
Micheyl and A. J. Oxenham: F0 comparisons across spectral regions
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B. Reevaluating past claims for translation noise

How can the apparent discrepancy between the resul
Carlyon and Shackleton~1994!, suggesting the existence of
large across-pitch mechanism translation noise, and
present ones, showing no evidence for such noise, be
solved? Carlyon and Shackleton’s~1994! evidence for trans-
lation noise, just like the present lack thereof, rests entir
on comparisons between observations and predictions. H
ever, in their study, the predictions were derived from p
formance measures obtained in conditions that diffe
markedly from the ones in which the predictions were a
plied. Specifically, performance measures in F0 discrimi
tion betweensequentialgroups of harmonics filtered into th
samespectral region were used to predict performance in
comparisons betweensimultaneousgroups of harmonics fil-
tered intodifferentspectral regions. Because these two typ
of experimental situations may involve very different inte
nal processes, the interpretation of the differences betw
predictions and observations in Carlyon and Shackleto
study is uncertain. The evidence for translation noise in t
study is further limited by the fact that the authors had
exclude comparisons between observations and predic
in conditions that involved two groups of unresolved h
monics because, as they pointed out, performance in th
conditions was probably mediated by the detection of pi
pulse asynchronies between the two complexes. The re
obtained in conditions involving comparisons between t
unresolved groups being ruled out, the evidence for tran
tion noise in Carlyon and Shackleton~1994! rests entirely on
the worse-than-predicted performance in F0 comparisons
tween one resolved and one unresolved group. However,
finding may be explained by reasons other than transla
noise. For instance, when both resolved and unresolved
tiguous harmonics are presented simultaneously, reso
harmonics have been shown to dominate the pitch per
~e.g., Plomp, 1967!. Possibly, this makes it harder to dete
differences in F0 across spectral regions due to some form
masking of the less salient pitch evoked by the unresol
harmonics, or some other form of interference. Recent res
by Gockelet al. ~2004! indicate that such interference effec
do exist. These authors showed that F0 discrimination
formance between two sequential complexes consisting
unresolved harmonics was impaired by the simultaneous
sentation of another complex, filtered in a lower spectral
gion and containing resolved harmonics. Gockelet al. ar-
gued that this interference effect might explain the finding
lower-than-predicted performance in Carlyon and Shac
ton’s conditions involving simultaneous comparisons b
tween a resolved and an unresolved complex.

C. One or two pitch mechanisms?

In view of the above analysis, it appears that the e
dence currently available to support the hypothesis that
comparisons between resolved and unresolved harmonic
significantly affected by translation noise is, at best, limite
However, it is important to stress that rejecting the hypo
esis of the existence of translation noise between the out
of two different F0-encoding mechanisms for resolved a
J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004 C. Michey
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unresolved harmonics is not tantamount to rejecting the
pothesis that these two F0-encoding mechanisms exist.
quite possible that the F0 estimates derived from resol
and unresolved harmonics by two distinct F0-encod
mechanisms are already reconciled into a common code
fore they are compared, or that these F0 estimates, altho
they are derived through different mechanisms, are expre
in the same form.

There remain some results in the literature that ha
been interpreted as suggesting the existence of different p
encoding mechanisms for resolved and unresolved harm
ics. Plack and Carlyon~1995! and White and Plack~1998!
have shown qualitatively different effects of duration o
DLF0s for resolved and unresolved harmonics, which m
be construed as an indication that different underly
mechanisms are operating. More recently, Grimaultet al.
~2002! have obtained results that were interpreted as indi
ing the involvement of different mechanisms in the learni
of F0 discrimination with resolved and unresolved harmo
ics, which also would be hard to reconcile with the assum
tion that the same mechanism mediates F0-discrimina
performance in both cases.

D. A note on across-region comparison noise in F0
discrimination

Our finding of significant across-region comparis
noise is consistent with a number of earlier studies that h
found poorer F0 discrimination when the two stimuli cons
of different harmonics than when they contain identical h
monics~e.g., Ritsma, 1963; Faulkner, 1985; Moore and Gl
berg, 1990!. Moore and Glasberg~1990! showed that DLF0s
could be increased when the complexes occupied roughly
same spectral region and even shared many common
monics. This suggests that even subtle differences in tim
can interfere with the processing of differences in F0. T
interference may be due to distraction of the listener’s att
tion away from the relevant sensory dimension~i.e., pitch!
by irrelevant variations along another dimension~i.e., tim-
bre!. Thus, the expression ‘‘across-region comparis
noise,’’ which we borrowed from Carlyon and Shackleto
~1994!, should not be taken too literally, as it may not rela
specifically to across-region comparisons, but may instea
also reflect a general distracting effect of timbre differenc
on F0 comparisons. Whatever mechanism is at the origin
the increase in thresholds from within- to across-region c
ditions, our quantitative predictions demonstrate that the
fluence of this mechanism can be modeled successfully
simple additive source of noise. Indeed, adding a cons
amount of noise to the estimated amount of encoding no
associated with each combination of F0 and spectral reg
condition was sufficient to produce predicted thresholds v
close to the observed ones in all the across-region conditi
A model assuming a constant multiplicative across-regi
comparison noise, which would predict a proportional u
ward shift in thresholds from within- to across-region con
tions, would clearly not be adequate. It would, for examp
predict a larger than observed difference in thresholds
3047l and A. J. Oxenham: F0 comparisons across spectral regions
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tween the all-resolved, low-mid 200-Hz condition and t
unresolved-resolved, mid-high or low-high 200-Hz con
tions.

E. Influence of spectral region on pitch perception

Another result of the present study, which deserves m
tion in relation to the question of across-region comparis
noise, concerns the question of across-region bias. In
study, no significant spectral-region bias was found. T
may seem surprising given that the changes in timbre
tween the two observation intervals were very salient. Pre
ous studies indicate that for harmonic complexes differing
spectral composition, equal F0s do not necessarily prod
exactly equal pitches~e.g., van den Brink, 1977; Chuang an
Wang, 1978; Singh and Hirsh, 1992!. Such influences of
spectral region on perceived pitch should have shown u
bias in our study. However, several factors can explain
apparent lack of influence of timbre on pitch in most of t
conditions tested in this study. First, our listeners were p
vided extensive training in the F0-discrimination task; ev
though they may have been initially tempted to rely more
timbre than on pitch, such an extensive training with tri
by-trial feedback may have eliminated most of this init
inclination. Second, it has been shown that when faced w
conflicting pitch and timbre cues~e.g., increasing F0 but de
creasing spectral region!, most listeners follow periodicity
pitch rather than timbre, provided the complexes cont
more than two components~Smoorenburg, 1970; Laguitto
et al., 1998!; our harmonic complexes generally contain
more than two components. Finally, various results in
literature indicate that timbre can be varied without affect
pitch ~Plomp, 1967; Hafter and Richards, 1988; Demany a
Semal, 1993; for consistent results in cochlear-implant list
ers, see McKayet al., 2000!. These prior results and th
present ones, showing little spectral bias, are generally c
sistent with the idea that, in trained listeners, periodic
pitch is little ~or not! influenced by timbre, although it re
mains possible that our listeners learned to ‘‘recalibra
their pitch judgments depending on spectral region.

VI. CONCLUSIONS

The results obtained in this study are consistent w
previous studies in showing that~1! DLF0s for harmonic
complexes filtered into the same spectral region are sig
cantly worse for unresolved than for resolved harmonics,
that ~2! DLF0s for sequential harmonic complexes filter
into different spectral regions are generally worse th
DLF0s for sequential complexes filtered into the same sp
tral region. They reveal that, whatever effect is respons
for worse performance in the across-region conditions,
effect may be modeled simply and adequately as an add
source of internal noise whose size is constant across
conditions tested here. The results provide no evidence
the hypothesis that sequential F0 comparisons between
sequentially presented groups of harmonics, one reso
and the other unresolved, are significantly limited by ‘‘tran
lation’’ noise between the internal F0 estimates derived fr
these two groups. We have shown that the discrepancy
3048 J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004 C.
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tween Carlyon and Shackleton’s~1994! results and the
present ones could not be explained simply by insuffici
statistical power or an unusually large across-region co
parison noise in the present study: if an additional noise w
a size similar to the translation noise in Carlyon and Sha
leton’s study had been present here, its influence would h
been detected. While the present results do not definitely
out the possible existence of an across-pitch-mechan
translation noise in the auditory system~disproving the exis-
tence of something that can be arbitrarily small is a diffic
task!, at the very least, they show that even if such a no
does exist, its influence on the F0 discrimination thresho
of typical listeners is negligible. Finally, we stress that ev
if the existence of translation noise could be conclusiv
ruled out, this would not necessarily rule out the possibil
that the F0s of resolved and unresolved harmonics are
coded via different mechanisms in the auditory syste
However, if these different mechanisms do exist, it appe
that the F0s derived from resolved and unresolved harmo
are already expressed in a similar code at the stage at w
F0 comparisons between sequential tone complexes
made.
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APPENDIX A: FORMULAS FOR ESTIMATING BIAS
AND ‘‘TRUE’’ THRESHOLDS IN ACROSS-
REGION CONDITIONS

In across-region conditions, DLF0s were measured
ing two interleaved tracks. In one track, the stimulus with t
higher F0 was filtered into the higher spectral region. In
other track, the stimulus with the higher F0 was filtered
the lower spectral region. If the listeners’ decisions are infl
enced by the spectral region in which the tones are filter
an effect we refer to here as ‘‘spectral region bias,’’ the r
thresholds measured on the two tracks should be differ
Spectral region bias might result from a genuine influence
spectral region on perceived F0, so that, for example, to
filtered in a higher spectral region are perceived as havin
higher F0 than tones of the same F0 filtered in a lower sp
tral region. Alternatively, it might result from listeners inad
vertently discriminating signals along the ‘‘wrong’’ dimen
sion, i.e., timbre instead of periodicity pitch, on some of t
trials.

In order to estimate the size and direction of the spec
region bias and determine the ‘‘true’’ DLF0s after accounti
for this bias, we used an approach based on that describe
the Appendix of Oxenham and Buus~2000!. The general
idea behind this approach, as applied to the present cas
that the influence of spectral region can be modeled as a
Micheyl and A. J. Oxenham: F0 comparisons across spectral regions
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in the value of the perceived F0. A positive shift is taken
indicate that filtering a tone into a higher spectral reg
increases its perceived F0 relative to some ‘‘true’’ intern
value. A negative shift indicates that filtering the tone into
higher spectral region decreases its perceived F0 relativ
some ‘‘true’’ internal value. Oxenham and Buus~2000! con-
sidered an additive shift on a logarithmic~dB! scale. Here,
we use an equivalent approach, consistent with our use
multiplicative rule for step-size changes in the DLF
measurement procedure, by considering a multiplicative s
on a linear~Hz! scale. Accordingly, at threshold, the F0
the higher-F0 tone in each track can be expressed as a
tion of the F0 of the lower-F0 tone, as follows:

F0hi15F0lo1•D•k, ~A1!

F0hi25
F0lo2

k
D, ~A2!

whereF0hi1 andF0lo1 are the F0s of the two stimuli in th
track in which the higher-F0 stimulus is presented in
higher spectral region,F0hi2 and F0lo2 are the F0s of the
two stimuli in the track in which the higher-F0 stimulus
presented in the lower spectral region,k is the spectral region
bias expressed as a factor, andD is the proportional differ-
ence between the two F0s corresponding to the ‘‘tru
threshold, also expressed as a factor.

The raw DLF0s for each track are, in percents,

DLF015100S F0hi1

F0lo1
21D , ~A3!

DLF025100S F0hi2

F0lo2
21D . ~A4!

The ‘‘true’’ DLF0s, D, are then computed as the geom
ric mean of the raw DLF0s expressed as factors rather
percentages~for simplicity!:

D5AF0hi1

F0lo1
•

F0hi2

F0lo2
. ~A5!

The bias,k, is computed as the square root of the ratio
the raw DLF0s~expressed as factors!:

k5AF0hi1

F0lo1
/
F0hi2

F0lo2
. ~A6!

APPENDIX B: THE SIZE OF THE INTERNAL NOISES
IN CARLYON AND SHACKLETON „1994…

The size of the encoding and translation noises ass
ated with across-region comparisons between one reso
and one unresolved group of harmonics in Carlyon a
Shackleton~1994! was estimated using the data shown
their Figs. 6 and 9. First, thed8 values for sequential com
parisons shown in Fig. 6 were used to derive the size of
encoding noise,se , associated with each complex. It is im
portant to note that thed8 values in that figure and all th
other figures in Carlyon and Shackleton~1994!’s article were
computed as& times the z-score of the measured perc
J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004 C. Michey
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correct in the 2AFC task, so that they correspond to yes/
task-equivalentd8 values—not to be confused withd2AFC8 .
Accordingly, we have

se5
DF0

dseq8
, ~B1!

whereDF0 is the F0 difference between the two stimuli~Car-
lyon and Shackleton tested 3.5% and 7.1%!, anddseq8 is the
mean across all three listeners of the observedd8 values in
the considered condition, read from Fig. 6 in Carlyon a
Shackleton~1994!. Technically, all the variables in this an
the following equations should have subscripts indicating
which condition they correspond. These subscripts are
shown here to avoid cluttering.

The total amount of encoding noise,setot , associated
with F0 comparisons between two complexes filtered i
different spectral regions was then calculated as

setot5Ase1
2 1se2

2 , ~B2!

wherese1
2 andse2

2 are the variances of the encoding nois
associated with the two considered spectral regions. A s
mary measure of the total amount of encoding noise ass
ated specifically with comparisons between one resolved
one unresolved complex was obtained by averaging
squared values ofsetot obtained in the different condition
that involved one resolved and one unresolved group.

The size of the translation noise,s t , was derived by
comparing the above-predicted amount of encoding no
(setot) and the total amount of noise estimated using thed8
values observed in the simultaneous-comparison condit
involving both resolved and unresolved complexes~Fig. 7 in
Carlyon and Shackleton’s article!. Specifically, the transla-
tion noise was calculated as

s t5AS DF0

dsim8
D 2

2setot
2 . ~B3!

Equation~B3! can be understood more easily as a rearran
ment of the equation below, which gives the predicted p
formance in the task used by Carlyon and Shackleton~1994!
to measure DLF0s between simultaneously presented c
plexes:

dsim8 5
DF0

Asetot
2 1s t

2
, ~B4!

1This and all the other statistical analyses in this article were applied to
log-transformed, rather than the untransformed, DLF0s.

2The expression ‘‘encoding noise’’ is used here for consistency with Carl
and Shackleton~1994!. Admittedly, the amount of internal noise derive
using Eq.~2! may incorporate contributions from other sources of intern
noise than those associated specifically with the encodingper seof the
stimulus F0. For instance, it may include memory-related noise assoc
with the comparison of the F0 of the complex in the second observa
interval with the memory trace of the F0 of the complex in the first inter
~see Durlach and Braida, 1969!. The derived amount of encoding nois
subsumes the contributions from all the internal sources of noise invo
even when the F0 comparisons are made within the same spectral re

3If sEAT represents the standard deviation of the combined encoding
across-region-comparison plus translation noise,sEA represents the stan
dard deviation of the combined encoding plus across-region-compar
3049l and A. J. Oxenham: F0 comparisons across spectral regions
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noise, andsT represents the standard deviation of the sole translation no
we havesEAT5AsEA

2 1sT
2. Knowing thatsEAT /sEA51.5, it follows that

sT /sEA5A1.5221. The right term in the preceding equation is appro
mately equal to 1.12, indicating that the translation noise must be rou
12% larger than the combined encoding plus across-region noise to w
it is added in order to cause a 50% increase in the size~standard deviation!
of the total amount of noise.
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