The role of resolved and unresolved harmonics in pitch perception

and frequency modulation discrimination

Trevor M. Shackleton and Robert P. Carlyon
Laboratory of Experimental Psychology, University of Sussex, Brighton, E, Sussex BN1 9QG,
United Kingdom

(Received 11 May 1993; revised 23 December 1993; accepted 10 January 1994)

A series of experiments investigated the influence of harmonic resolvability on the pitch of, and
the discriminability of differences in fundamental frequency (F0) between,
frequency-modulated (FM) harmonic complexes. Both FQ (62.5 to 250 Hz) and spectral region
(LOW: 125-625 Hz, MID: 1375-1875 Hz, and HIGH: 3900-5400 Hz) were varied
orthogonally. The harmonics that comprised each complex could be summed in either sine (0°)
phase (SINE) or alternating sine-cosine (0°~90°) phase (ALT). Stimuli were presented in a
continuous pink-noise background. Pitch-matching experiments revealed that the pitch of
ALT-phase stimuli, relative to SINE-phase stimuli, was increased by an octave in the HIGH
region, for all F0’s, but was the same as that of SINE-phase stimuli when presented in the LOW
region. In the MID region, the pitch of ALT-phase relative to SINE-phase stimuli depended on
F0, being an octave higher at low F0’s, equal at high ¥0’s, and unclear at intermediate F0’s. The
same stimuli were then used in three measures of discriminability: FM detection thresholds
(FMTs), frequency difference limens (FDLs), and FM direction discrimination thresholds
{FMDDTs, defined as the minimum FM depth necessary for listeners to discriminate between
two complexes modulated 180° out of phase with each other). For all three measures, at all F(’s,
thresholds were low (<4% for FMTs, <5% for FMDDTs, and <1.5% for FDLs) when
stimuli were presented in the LOW region, and high ( > 10% for FMTs, > 7% for FMDDTs,
and >2.5% for FDLs) when presented in the HIGH region. When stimuli were presented in
the MID region, thresholds were low for low F0’s, and high for high F0’s. Performance was not
markedly affected by the phase relationship between the components of a complex, except for
stimuli with intermediate FO’s in the MID spectral region, where FDLs and FMDDTs were
much higher for ALT-phase stimuli than for SINE-phase stimuli, consistent with their unclear
pitch. This difference was much smaller when FMTs were measured. The interaction between
F0 and spectral region for both sets of experiments can be accounted for by a single definition

of resolvability.

PACS numbers: 43.66.Hg, 43.66.Nm, 43.66.Ba [HSC]

INTRODUCTION

Many of the periodic sounds that we hear in everyday
life contain both low-frequency harmonics, which are re-
solved by the peripheral auditory system, and high-
frequency harmonics, which are not. The cues available for
pitch perception differ between these two types of har-
monic. For resolved harmonics, although the excitation
pattern has pronounced peaks at each harmonic frequency,
no single auditory filter has unambiguous information
about the fundamental frequency (F0) of the stimulus, so
some form of across-channel combination of information is
required (Goldstein, 1973; Meddis and Hewitt, 1991a,b;
Moore, 1989; Patterson, 1987; Piszczalski and Galler,
1979; Srulovicz and Goldstein, 1983; Terhardt, 1974; Ter-
hardt et al, 1982). In contrast, when several unresolved
harmonics interact within a single auditory filter, the out-
put of that filter repeats at a rate equal to FO, and so pitch
can be directly determined from within-channel cues, even
though the excitation pattern does not contain distinct
peaks (Assmann and Summerfield, 1990; Licklider, 1951;
Meddis and Hewitt, 1991a,b; Patterson, 1987; Schouten,
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1940, 1970; Slaney and Lyon, 1990). On the basis of these
differences it might seem that two different mechanisms
would be required to extract the pitch of resolved and
unresolved harmonics. However, models using a single
mechanism have been shown to be effecrive in extracting
pitch from both kinds of harmonic (Houtsma and
Smurzynski, 1990; Meddis and Hewitt, 1991a; Patterson,
1987). This paper forms part of a project investigating
whether a single, or double, mechanism is required for
pitch perception. A companion paper (Carlyon and Shack-
leton, 1994) examines this problem directly by requiring
listeners to make a simultaneous comparison of fundamen-
tal frequency (“F0) between two different spectral re-
gions, each of which contains groups of 1armonics which
are either both resolved, both unresolved, or where the two
differ in resolvability. It is argued that the existence of two
pitch mechanisms would cause the discriminable FO dif-
ference to be larger for the condition where the groups
differ in resolvability. In the current paper, we examine the
problem a little less directly through the study of pitch
perception, and by obtaining three different measures of
sequential FQ discrimination.
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One way of studying pitch mechanisms is to perform
discrimination experiments to measure the accuracy with
which a harmonic, or group of harmonics, is encoded (e.g.,
Cullen etal, 1986; Hoekstra, 1979; Houtsma and
Smurzynski, 1990; Moore and Glasberg, 1988; Moore
et al., 1984). Thresholds for detecting changes in #0 when
the stimulus comprises only low harmonics are much
lower than when the stimulus comprises only high har-
monics (Cullen et al, 1986; Hoekstra, 1979; Houtsma and
Smurzynski, 1990). With the exception of Hoekstra’s
(1979) study, however, increasing harmonic number (and
hence decreasing resolvability) was also confounded with
increasing harmonic frequency, so it is not possible to de-
termine whether the increase in threshold was due to re-
ducing resolvability or to increasing spectral frequency.
Hoekstra’s (1979) study orthogonally varied FO and the
spectral region in which the harmonics were presented,
and found that harmonic number, and hence resolvability,
was the critical variable. In addition to these studies,
Moore and colleagues (Moore and Glasberg, 1986; Moore
et al., 1985a,b; Moore and Ohgushi, 1993) found that the
ability to hear a harmonic out from a complex, or simply
detect that it was mistuned, was better for resolved than for
unresolved harmonics, although absolute frequency of the
harmonic was also found to be important (cf. Hartmann
et al, 1990).

Another approach has been to perform pitch matching
experiments for stimuli where the envelope repetition rate
differs from FO, and for which different putative mecha-
nisms would be expected to produce different pitches
(Flanagan and Guttman, 1960a,b; Guttman and Flanagan,
1964; Lundeen and Small, 1984; Mathes and Miller, 1947;
Moore, 1977; Ritsma and Engel, 1964; Rosenberg, 1965;
Thurlow and Small, 1955; Warren and Wrightson, 1981).
These experiments showed that, for low FO’s, the pitch
reported corresponded to the envelope periodicity, whereas
the pitch reported for high FO’s corresponded to the FO.
However, the difficulty in interpreting these results is that
they mainly use wideband stimuli, and so any analysis
based upon the hypothesized resolution of components also
requires an estimate of which spectral region dominates the
pitch extraction process.

In this paper we obtain measures both of pitch percep-
tion, through pitch-matching experiments, and of FO en-
coding accuracy, through three different discrimination
paradigms. In all experiments we orthogonally vary FO
and the spectral region in which harmonics are presented,
so that harmonic resolution and spectral frequency effects
can be uncoupled. Measurements are made using both
sine- and alternating-phase stimuli, so that mechanisms
sensitive to temporal structure can be studied. Frequency-
modulated (“FM”) stimuli are used in the present study
for two reasons. First, a companion study (Carlyon and
Shackleton, 1994) required measures of the encoding ac-
curacy of FM stimuli. Second, as it is not obvious what the
best measure of encoding accuracy is for these stimuli, the
opportunity is taken to compare three different measures.
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. GENERAL METHOD

All stimuli were harmonic series that were frequency
modulated (before filtering) at a rate of 2.5 Hz, were of
400-ms duration (1 cycle of FM), and were gated on and
off with S-ms raised-cosine ramps. They were bandpass
filtered using a pair of cascaded Kemo VBF25.03 filters
(one high pass, one low pass, 48 dB/oct each), attenuated
(Expt. 1: Tucker-Davis Technologies PA3, other expts:
Wilsonics PATT), and fed into one input of a summing
headphone amplifier. The levels of all components with
frequencies in the filter passbands were 50 dB SPL. A 10-
kHz-wide pink noise was presented continuously; its spec-
trum level in dB SPL was 22.8 at 500 Hz, 20.2 at 1000 Hz,
17.2 at 2000 Hz, and 13.8 at 4000 Hz. All stimuli were
presented through the right earpiece of a Sennheiser
HD414SL. headset, and were monitored using an
HP3561A spectrum analyzer.

The stimuli, before filtering, consisted of the funda-
mental and consecutive harmonics of a complex tone,
summed either in sine phase (SINE) or in alternating sine
and cosine phase (ALT: harmonics with frequencies which
were odd multiples of the fundamental were in sine phase,
and even multiples were in cosine phase). Three different
spectral regions were used, a LOW region, obtained by
setting the filter cutoffs to 125 and 625 Hz (3 dB down
points), a MID region (1375 to 1875 Hz), and a HIGH
region (3900 to 5400 Hz). The number of harmonics prior
to filtering depended on FO, but was such that all harmon-
ics up to 8125 Hz were present. In experiment 1, the signal
source was a Macintosh II computer fitted with a Digide-
sign Audiomedia DSP card. The stimulus was generated in
real time at a sampling rate of 44.1 kHz by interpolating
from a look-up table waveform comprising 60 harmonics,
and was played out through a 16-bit DAC via an on-card
reconstruction filter (Russell and Darwin, 1991). In sub-
sequent experiments the signal was played out through a
CED 1401 laboratory interface (12-bit DAC) at a sam-
pling rate of 20 kHz, before being low-pass filtered at 8.6
kHz (Kemo VBF25.01, 135 dB/oct). The stimuli were
generated in advance and stored on hard disk.

A total of 14 listeners took part in the different exper-
iments. Their absolute thresholds at octave frequencies be-
tween 250 and 83000 Hz were within 15 dB of the standard
(1969 ANSI). Listener TS was the first author. Listeners
were tested individually in an IAC single-walled sound-
attenuating booth within a large single-walled sound-
attenuating room.

Il. PHASE EFFECTS IN PITCH PERCEPTION

The experiments reported in this section investigated
the effect on the pitch of a stimulus of playing it in alter-
nating phase, as opposed to sine phase, as a function of FO
and of spectral content. Waveform-based theories
(Schouten, 1940, 1970) predict that the doubling of wave-
form peaks which occurs when a harmonic series is put in
ALT phase should increase its pitch by an octave relative
to that of an otherwise-identical SINE-phase stimulus. In
contrast, “pattern recognition” theories (Goldstein, 1973;
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FIG. 1. Output of two simulated auditory filters (Patterson et al., 1988)
with center frequencies of 250 Hz (a), (c), and 4600 Hz (b), (d) to a
wideband harmonic stimulus with an FO of 125 Hz and all components in
sine phase (a), (b), or alternating sine and cosine phase (¢), (d).

Piszczalski and Galler, 1979; Terhardt, 1974; Terhardt
et al, 1982) state that pitch is derived from the power
spectrum, and make predictions that are independent of
phase. Our prediction was that the dependence of pitch on
phase would be determined by the degree to which the
components of the complex were resolved by the peripheral
auditory system (Moore, 1977). Figure 1(a) and (b) show
a wideband SINE-phase stimulus with a FO of 125 Hz
filtered through two simulated auditory filters (Patterson
et al., 1988) centered on 250 and 4600 Hz, respectively.
The output of the low-frequency filter consists of a single,
resolved, harmonic, whereas that of the high-frequency fil-
ter consists of several, unresolved, harmonics. Figure 1(c)
and (d) show an ALT phase stimulus filtered in the same
manner. There are clear secondary peaks observable in the
high-frequency filter for the ALT stimulus compared with
the SINE stimulus, whereas there is little difference (apart
from a constant phase shift) between the waveforms passed
through the low-frequency filter for ALT and SINE stim-
uli. It is on this basis that we would predict pitch increases
of an octave for unresolved harmonics in ALT phase, but
not for resolved harmonics. Experiment 1 used pitch
matching to test these predictions, whereas experiment 2
used a more efficient method of pitch preference determi-
nation to obtain more precise information about the tran-
sition region between the two modes.

A. Experiment 1. Pitch matching
1. Method

Eight untrained listeners took part in a pitch-matching
experiment. They had a wide range of musical experience.
The only difference musical experience appeared to make
was that musicians tended to find matches more quickly,
but not more precisely, than the nonmusicians. Pitch
matches were obtained using the method of adjustment.
Listeners were presented with either a SINE or an ALT
stimulus at a fixed FO, followed by a SINE stimulus whose
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TABLE 1. Geometric mean of pitch matches expressed as a ratio of the
match frequency to target frequency. The figures in brackets are the
standard deviations expressed as a percentage of the mean ratio.

Target frequency (Hz)

Stimulus phase Spectral region 62.5 125 250
SINE LOwW 1.00 (2.9) 1.01 (8.8) 1.00 (1.6)
MID 1.01 (4.0) 1.00(5.0) 0.98 (4.0)
HIGH 1.00 (3.8) 1.00 (7.7) 0.98 (6.0)
ALT LOW 1.02 (4.6) 1.00 (4.6) 0.99 (1.7)
MID 1.96 (6.6) 1.37 (26.2) 1.00 (4.2)
HIGH 1.88 (6.9) 1.94 (8.0) 1.78 (15.3)

FO they could adjust from half an octave below the fixed
frequency to one and a half octaves above the fixed fre-
quency. The matching SINE stimulus was within the same
spectral region as the target stimulus. They were allowed
to listen to the pair of stimuli as often as they liked, and
were encouraged to approach a match from both above
and below before signaling that they had found one. In
each block, listeners only matched a single nominal FO
(62.5, 125, or 250 Hz) in a single spectral region (LOW,
MID, or HIGH) for both SINE and ALT stimuli. To
avoid stereotyped responses, three different target frequen-
cies close to the nominal FO were used (corresponding to
0.96, 1.00, and 1.04 times the nominal F0Q), and the initial
FO of the matching stimulus was randomly varied. Both
the test and the matching stimuli were 400 ms long and
were frequency modulated at a rate of 2.5 Hz and depth of
5%. The modulation was always started at its positive zero
crossing. Three repeats of each FO were presented per
block, and two blocks were completed for each combina-
tion of FO and spectral region, providing a total of 18
estimates of the pitch of a nominal FO per listener. A block
was completed in between 10 and 30 min.

2. Results

Table I shows the geometric average of the ratio of
matched frequency to target frequency, averaged across
listeners, with the standard deviation expressed as a per-
centage in brackets. It can be seen that all the matches to
SINE-phase stimuli are clustered around FO (ratio=1),
irrespective of the FO or spectral region, and that the stan-
dard deviation is of the order of 2%-8%. This result is
hardly surprising, since in this case target and matcher
would be identical stimuli if the match were perfect. The
results for ALT-phase stimuli are also shown in Table I
and in the form of histograms averaged across all listeners
in Fig. 2. The abscissa shows the ratio of matched fre-
quency to target frequency. Histogram bin widths were 1%
of the match ratio. The ordinate is the percentage of the
total number of possible matches (144: 18 matches each
for eight listeners,) which fall within a bin. The results for
ALT-phase stimuli show an interaction between FO and
spectral region. In the LOW spectral region [upper row of
panels: (a), (b), (c)] all matches are closely clustered
around FO, and have a similar variance. In the HIGH
spectral region [lower row of panels: (g), (h), (i)], virtu-
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FIG. 2. Percentage of pitch matches to ALT-phase stimulus within 1% of
the frequency ratio between match and target frequencies indicated on the
abscissa. The fundamental frequency and spectral region of the target
stimulus are shown within the panel.

ally all matches are closer to 2F0Q than FO, and only for an
FO of 250 Hz is the variance of matches much larger than
that of SINE-phase matches to FO. A more complicated
picture is shown by matches in the MID region [middle
row of panels: (d), (e), (f)]. With an FO of 62.5 Hz [Fig.
2(d)] the matches are clustered around 2FQ, whereas at an
FO0 of 250 Hz [Fig. 2(f)] the matches are clustered around
FO. At an FO of 125 Hz [Fig. 2(e)] matches are clustered
near both FO and 2F0. This last condition was the only one
where there were significant differences between listeners,
three of whom produced matches which were exclusively
near FO, one who mostly produced matches near 2F0, and
four who produced bimodal matches similar to the average
distribution shown in Fig. 2(e). The detailed discussion of
these results in terms of resolvability and mechanism will
follow the next experiment. For the moment it is sufficient
to say that the interaction between FO and spectral region
is consistent with resolvability being the primary variable,
with harmonics of stimuli in the LOW region being re-
solved, those in the HIGH region being unresolved, and
those in the MID region demonstrating a transition from
resolved to unresolved as the FO is decreased.

B. Experiment 2. Effect of phase on pitch preference

1. Rationale

Experiment 1 showed that pitch matches were
grouped around FO and 2F0, and that the transition be-
tween these two matches was linked to harmonic resolv-
ability. Experiment 2 examined the transition region be-
tween FO and 2F0 matching in more detail, and required
listeners to state which of two SINE-phase stimuli played
at FO and 2FQ had a pitch more similar to that of an
ALT-phase stimulus played at FO. When the harmonics
were unresolved it was predicted that listeners would
choose the 2F0 SINE stimulus, whereas when the harmon-
ics were resolved it was predicted that the FO SINE stim-
ulus would be preferred. The new method had two advan-
tages over that used in experiment 1. First, it was faster
because we needed information only on which of two pos-
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sible pitches was more similar to the reference, rather than
requiring listeners to spend time making a more precise
adjustment. This allowed us to obtain fine-grained infor-
mation on the transition region, by studying a large num-
ber of FO’s, fairly quickly. Second, unlike the case where a
listener matches the pitch of a complex to twice its funda-
mental, a pitch preference cannot be attributed to an “oc-
tave error,” but demonstrates conclusively that the domi-
nant pitch was near the octave.

2. Method

Each trial consisted of three stimuli. The first was al-
ways in ALT phase played at FO, the second and third
were SINE-phase stimuli played at FO and 2F0 in a ran-
domized order. Listeners were required to judge which of
the second and third stimuli had the pitch more nearly
equal to the first stimulus. Listeners were allowed to indi-
cate that they were unable to make a decision. The FM
imposed on the harmonic complexes had a rate of 2.5 Hz
and depth of 5% and always began at a positive zero cross-
ing of the modulation. Stimuli were computed beforehand,
and consisted of the fundamental and all harmonics up to
8125 Hz, irrespective of the FO. The stimuli were then
filtered into LOW, MID, and HIGH bands as described in
Sec. 1. Within a block, which lasted about 10 min, only a
single spectral region was tested, but nine FOs (62.5, 74.3,
88.4, 105.1, 125.0, 148.7, 176.8, 210.2, 250.0 Hz) were
randomly presented, ten times each. The order of presen-
tation of spectral regions was randomly determined, in ses-
sions which lasted 1 or 2 h. Ten blocks were run for each
spectral region, leading to 100 pitch preference judgements
for each combination of FO and spectral region. Four lis-
teners were used, two of whom, JS and TS (the first au-
thor), participated in experiment 1.

3. Results

The difference between the percentage of presentations
upon which 2F0 and FO were the preferred pitches is
shown in Fig. 3. The results for different spectral regions
are shown in different panels, and for different listeners as
separate lines within a panel. Positive values indicate that
2F0 was the preferred pitch, whereas negative values indi-
cate that FO was the preferred pitch. In the LOW region,
FO was the preferred pitch for all F0’s, whereas in the
HIGH region 2F0 was the preferred pitch for all F0’s. In
the MID region, at low F0’s, 2F0 was the preferred pitch,
whereas at high F0’s, FO was the preferred pitch. The
range of FO's where there was a transition, and an unclear
pitch, varied slightly between listeners, but always included
the region around 125 Hz.

C. Discussion

The results of experiments 1 and 2 complement each
other. Experiment 1 shows that pitch matches are prima-
rily unimodal [except using ALT-phase stimuli with an FO
of 125 Hz presented in the MID region; Fig. 2(e)] and
either clustered around F0 or near 2F0. Experiment 2 ex-
pands upon these findings to show that there is a smooth,
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FIG. 3. Difference between the percentage of occasions on which listeners
indicated which of two sine-phase stimuli of frequency 2F0 or F0 sounded
more similar in pitch to an alternating-phase stimulus of frequency FO.
The different panels represent the LOW, MID, and HIGH spectral re-
gions, and the different symbols represent individual listeners.

but sharp, transition between two pitch modes in the MID
region as FO is varied, and that the position of this transi-
tion varies between listeners [Fig. 3(b)]. It is likely that a
similar transition would also occur in the LOW and HIGH
regions if a sufficiently broad range of F0’s were used; there
is evidence of this in the results for RB and TS which begin
to turn toward preferences for 2F0 at low F0’s in the LOW
region [Fig. 3(a)]. The difference in transition region be-
tween different listeners could be due either to them having
different auditory-filter bandwidths, or to them concentrat-
ing on different regions of the bandpass stimuli.

These results are in general agreement with those ob-
tained by Flanagan and colleagues (Flanagan and Gutt-
man, 1960a,b; Guttman and Flanagan, 1964; Rosenberg,
1965) who asked listeners to match the pitch of a pulse
train in which all pulses had the same polarity to the pitch
of a test stimulus, in which additional pulses of the oppo-
site polarity were inserted between adjacent pulses of the
original stimulus. This manipulation did not affect the FO
of the complex, but increased the pulse rate. At low FO’s
( <100 Hz), listeners matched a pitch equal to the pulse
rate, whereas at high F0’s (> 200 Hz) listeners matched
the FO (Flanagan and Guttman, 1960a,b). In between
these rates there was a region where the pitch was ambig-
uous. A similar result was obtained by Warren and
Wrightson (1981), who used stimuli consisting of repeated
segments of noise, where alternate segments could be either
identical or phase inverted. They also found that, at high
repetition rates (> 100 Hz), phase did not affect the re-
ported pitch, whereas at low rates ( <50 Hz) it did. The
region of ambiguous pitch found by Flanagan and Gutt-
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man (100 to 200 Hz) is similar to that found by us in the
MID region (105 to 148 Hz), suggesting that their listen-
ers were attending to pitch processes in a similar spectral
region to that used by us in the MID region (1375 to 1875
Hz). This region is somewhat higher than the commonly
accepted “dominance region” for pitch (e.g., Plomp, 1967;
Ritsma and Engel, 1964), although it is close to the min-
imum of the absolute threshold curve (Dadson and King,
1952), consistent with the harmonics with the highest sen-
sation level having been dominant in their task. The results
of Warren and Wrightson (1981) imply a lower frequency
listening region which is more in line with the “dominance
region.” The reasons for the differences between these
studies are not obvious.

Lundeen and Small (1984) obtained pitch matches
using a sinusoidal matcher and a harmonic target compris-
ing the odd harmonics of an FO of either 50 or 100 Hz. The
harmonics were either all in phase (0°), in alternating
phase (+45°%), or in random phase. Their stimuli were all
relatively broadband, and resolvability was not considered
in the choice of stimulus conditions. They obtained
matches near to FO, to 2F0 (the harmonic separation),
and to 4F0 (the pitch predicted from ternporal processing
of the waveform in alternating phase) with about equal
probability, independent of FO or phase condition. These
results do not show any clear similarity to ours, or to those
of previous experiments (Flanagan and Cruttman, 1960a,b;
Guttman and Flanagan, 1964; Rosenberg, 1965; Warren
and Wrightson, 1981).

Ritsma and Engel (1964) found, using QFM stimuli,
that the pitch match to the octave broke into multiple (two
or three) matches. This is a similar effect to the multiple
pitches obtained using amplitude modulated stimuli (e.g.,
Schouten er al, 1962). These pitches can be explained us-
ing temporal theory (e.g., Meddis and Hewitt, 1991a) and
are due to calculating the time intervals between peaks in
the fine structure of the waveform which are not exactly
equal to the envelope period (Ritsma and Engel, 1964).
There is tentative evidence for a similar effect in our data:
For example, Fig. 2(g), which shows the distribution of
matches to an ALT-phase stimulus with a 62.5-Hz FO ex-
hibits several peaks below the octave, and similar multiple
peaks can be seen in other panels. However, we would not
like to read too much into these data, since they are based
on relatively low numbers of matches per histogram bin, so
the troughs between peaks might be due to random fluc-
tuations.

It is particularly apparent in Fig. 2(e) and (i), and to
a lesser extent in Fig. 2(g) and (h) that matches near the
octave tend to be flat. Such systematic deviations have been
observed both for pure and, less strongly, for complex
tones, but the deviation is in the opposite direction, with
the higher-pitched tone being matched slightly sharp of the
octave (e.g., Sundberg and Lindqvist, 1973). It is difficult
to adapt the theories which have been suggested to account
for this “octave stretch” phenomenon (Ohgushi, 1983;
Terhardt, 1974) to also account for our own data.! One
possible explanation for the deviations observed here is
that they are an artifact of the method we used. The range
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of permissible matches ranged from half an octave below
the target frequency to one and a half octaves above the
target frequency, and the starting frequency for the
matcher was selected randomly from within this range.
Listeners may have ignored the instruction to approach
matches from both sides before signaling a match, and
instead signaled a match as soon as it was sufficiently close
to a true match. Thus since almost all trials would start
with the matcher below the target such a strategy would
result in flat matches. However, if this were the case,
matches to the fundamental should also have been sharp, a
finding which did not occur.

The interaction between FO and spectral region found
in experiments 1 and 2 suggests that harmonic resolution is
important in determining the pitch mode. In the rest of this
section we shall show that the results obtained are consis-
tent with there being a transition from resolved to unre-
solved as the number of harmonics per auditory filter in-
creases between frequency-independent criteria. Here, we
define the resolvability of an harmonic in terms of the num-
ber of harmonics contained between the 10-dB-down
points of an auditory filter centered on that harmonic.
(The choice of 10-dB bandwidth is, to a certain extent,
arbitrary.) The number of harmonics per filter is calcu-
lated by dividing the filter bandwidth (1.8 ERB) by FO
(Patterson et al., 1988; Glasberg and Moore, 1990). Fig-
ure 4 shows, for several FQ’s, the number of harmonics
which, on average, fall within the 10-dB-down points of an
auditory filter centered on the frequency shown on the
abscissa. The two lines with solid symbols correspond to
FO’s of 105.1 and 148.7 Hz, which Fig. 3(b) shows to be
the limits of the region of unclear pitch when the stimulus
is presented in the MID region. Lines are drawn across the
graph at 2 and 3.25 harmonics per filter and demarcate
areas where the harmonics are defined to be completely
resolved, partially resolved, or unresolved. These cutoff
points were selected so that no harmonics of an FO of 148.7
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Hz were resolved in the MID region, and only the upper
harmonics of an FO of 105.1 Hz were completely unre-
solved. According to this definition, for all the stimuli we
have so far used, the harmonics have been unresolved in
the LOW region, and resolved in the HIGH region. A
transition from unresolved to resolved occurs in the MID
region as FO is increased. The upper few harmonics of a
complex with an FO of 62.5 Hz presented in the LOW
region just fall within the partially resolved area. A closer
examination of Fig. 3 shows that there is some evidence
that pitch is becoming ambiguous (at least for one lis-
tener), and hence, according to our analysis, the harmon-
ics need to be partially resolved.

To some extent, the finding that our definition can
account for the pattern of results observed in experiment 2
is not surprising, as our definition of filter bandwidth was
selected with these data in mind. However, we will show in
Sec. IV A that the same definition can also account for the
interaction between FO and spectral region obtained in the
three discrimination paradigms of experiments 3-5.

lil. COMPARATIVE MEASURES OF PITCH ENCODING
ACCURACY

Experiments 1 and 2 demonstrated that there is a dif-
ference between the perception evoked by resolved and by
unresolved harmonics: Only complexes consisting of unre-
solved harmonics evoke a pitch which is sensitive to the
periodicity of the envelope, and which increases by an oc-
tave when the harmonics are summed in ALT phase, com-
pared to when they are summed in SINE phase. The ex-
periments cannot reveal whether the pitch evoked by
resolved harmonics is sensitive to the filtered envelope pe-
riodicities or to their spectral pattern, because envelope
periodicity is not altered by the relative phases of harmon-
ics until there are at least three harmonics per filter
(Moore, 1977). All that can be concluded about the pro-
cessing of resolved harmonics is that it ignores phase in-
formation between different auditory filters. In experiments
3 to 5 we compare the accuracy of the encoding of groups
of resolved and unresolved harmonics, using stimuli iden-
tical to those in experiments 1 and 2. The different exper-
iments do so by measuring FMTs, FMDDTs, and FDLs,
respectively.

A. Experiment 3. Thresholds for detecting frequency
modulation (“FMTs”’)

1. Method

Stimuli were presented using a 2I, 2AFC procedure
with feedback. In one interval the stimulus was presented
with no frequency modulation and in the other interval the
stimulus was frequency modulated at 2.5-Hz rate and vari-
able depth. Listeners were required to indicate which in-
terval contained the frequency-modulated stimulus.
Thresholds were obtained using Levitt’s (1971) two-down,
one-up adaptive procedure, which converged on the
70.7%-correct point on the psychometric function. The
FM depth was multiplied by 1.07 after every incorrect
response and divided by 1.07 after two consecutive correct
responses, except for the trials before the first four turn-
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FIG. 5. Frequency modulation detection thresholds as a percentage of
FQ. Filled symbols represent sine-phase stimuli and open symbols
alternating-phase stimuli. The left-hand panel shows results for FO’s of
62.5 Hz (circles) and 250 Hz (squares) averaged across all listeners. The
right-hand panel shows results for an FO of 125 Hz, but with the results
segregated into two groups of listeners (upward and downward trian-
gles).

points when a factor of 1.15 was used. Each run ended
after 16 turnpoints, and the threshold for each run was
obtained from the geometric mean of the modulation
depths of the last 12 turnpoints. Listeners were tested at
three nominal FO’s (62.5, 125, 250 Hz), in the usual three
spectral regions (LOW, MID, HIGH), and with ALT-
and SINE-phase stimuli. Four listeners were tested at all
three FOs, and thresholds were geometrically averaged
from either two or three runs. An additional six listeners
were tested at an FO of 125 Hz and thresholds obtained
from at least three runs. The FM was randomly selected on
each trial to start on either a positive or negative zero

crossing of the modulation, and the nominal FO was varied

by £10% (by randomizing the playback rate) between
intervals. These two forms of randomization were also used
in experiment 4. They were intended to reduce the number
of reliable detection cues available to the listener. For ex-
ample, without these randomizations, the listener could
make their decision based on the frequency ; way through
both the reference and signal stimuli without needing to be
able to detect an ongoing frequency change at all.

2. Results

FMTs, geometrically averaged across listeners, are
shown in Fig. 5. The error bars indicate the single standard
error of the average, with the variation associated with
differences in overall performance between listeners
removed.? Figure 5(a) shows the thresholds for stimuli in
both SINE phase (solid symbols) and ALT phase (open
symbols) at FO’s of 62.5 and 250 Hz. For both FOs, the
thresholds for stimuli in ALT phase are very similar to
those for stimuli in SINE phase. For an FO of 62.5 Hz
(circles), thresholds are low in the LOW region, and high
in the MID and HIGH regions; in contrast, thresholds at
an FO of 250 Hz (squares) are low in both the LOW and
MID regions, and high in only the HIGH region. Figure
5(b) shows thresholds for an FO of 125 Hz, but with the
averages partitioned between two groups of listeners who
showed different patterns of results. Listeners were divided
according to the value of their threshold in the MID, SINE
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FIG. 6. As Fig. 5, but for FM direction discrimination thresholds.

phase condition. If this threshold was closer to their LOW,
SINE phase threshold than their HIGH, SINE phase
threshold, they were placed in group 1; otherwise they
were placed in group 2. In all cases this division was clear
cut since all thresholds were well away from the dividing
point. The data at FO’s of 62.5 and 250 Hz did not support
such a division. The thresholds for listeners in group 1
were similar to those for all listeners with an FO of 62.5 Hz,
whereas those for group 2 were more similar to those for
all listeners at an FO of 250 Hz. The results are consistent
with the definitions of resolved and unresolved developed
in Sec. II C. Low thresholds are obtained for all listeners
for stimuli with any FO presented in the LOW region and
an FO of 250 Hz in the MID region in agreement with our
analysis that these stimuli consist of resolved harmonics.
Similarly, high thresholds are obtained for all listeners and
all stimuli with any FO presented in the HIGH region, and
for an FO of 62.5 Hz in the MID region in agreement with
our analysis that these stimuli consist of unresolved har-
monics. The fact that listeners needed to be divided into
two groups for an FO of 125 Hz in the MID region is
consistent with this being a transition region between re-
solved and unresolved harmonics.

B. Experiment 4. Thresholds for the discrimination of
frequency moduliation direction (“FMDDTSs”)

1. Method

A 31, 2AFC paradigm was used. FM stimuli were pre-
sented in all three intervals. In the first interval and one of
the second or third intervals the FM phase was the same
(randomly chosen on each trial to be either 0° or 180°%),
whereas in the other interval the FM phase was different
by 180°. The task was to identify which interval contained
the different modulation. This is termed a modulation di-
rection discrimination task because in order to perform the
task listeners needed to determine the direction of the FM
contour (i.e., up—down-up for 0° FM phase versus down--
up—down for 180° FM phase). All other details were iden-
tical to experiment 3.

2. Results

Thresholds are plotted in Fig. 6 in exactly the same
way as for the FM detection results of experiment 3 in Fig.
5. The same division between listeners determined in ex-
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periment 3 was used for an FO of 125 Hz. The division
between groups of listeners was less clear cut in this exper-
iment, possibly because the difference between thresholds
in the LOW and HIGH conditions was smaller. The re-
sults are largely similar to those obtained in experiment 3,
except for the 125-Hz-FO ALT-phase stimuli, presented in
the MID region. For these stimuli, the FMDDTs are much
larger than for the corresponding SINE stimuli [compare
open and filled symbols in Fig. 6(b)], a difference which
was much larger than for the corresponding FMT data of
experiment 3. The difference in FMDDT between ALT-
and SINE-phase stimuli is consistent with the interpreta-
tion that this combination produces an unclear pitch for
ALT-phase stimuli. The fact that it was observed to a far
less extent for the FMTs of experiment 3 supports Carlyon
et al’s (1992) conclusion that some feature other than
pitch can be used in FM detection to maintain good per-
formance.

C. E)kperiment 5. Frequency difference limens
(“FDLs”)

1. Method

Three listeners took part, all of whom had taken part
in experiment 2, but only one of whom had participated in
experiments 3 and 4. Stimuli were presented using a 3I,
2AFC procedure with feedback. The FO was the same in
the first and one of the second or third intervals, and either
higher or lower by AFO in the other interval. The task was
to determine which interval contained the different FO.
The FM imposed on the stimuli always began at a positive
zero crossing and had a constant depth of 5%. The base-
line FO used in each trial was randomly selected from a
rectangular distribution of width =10% centered on the
nominal FO. The FO’s used in the standard and target in-
tervals were obtained by adding + AF0/2 to the base F0 in
the standard intervals and subtracting + AFO0/2 from the
base FO in the target interval with the sign of +AF0/2
being randomly selected on each trial. After every incor-
rect response AFQ was multiplied by 1.19, and after two
consecutive correct responses it was divided by 1.19, except
for the trials before the first four turnpoints when a factor
of 1.41 was used. Each run ended after ten turnpoints and
the threshold for each run was obtained from the geomet-
ric mean of the AFQ’s of the last six turnpoints. Most of the
thresholds reported are based on the geometric means of at
least six such runs (although the data for JS at 148.1 Hz
are only based on three runs). Listeners were tested at
three nominal FQ’s, in the usual three spectral regions, and
with ALT and SINE-phase stimuli. The same low and high
nominal FQ’s were used for all three listeners (88.4 and
250 Hz), but the middle nominal FO was chosen separately
for each listener, and was 125 for SD and TS, and 148.1 for
JS. The choice of FO was based on the results of experi-
ment 2, so that with low and high F(’s the stimulus har-
monics would always be unresolved and resolved, respec-
tively, and with the middle FO they would be partially
resolved in the MID region.
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FIG. 7. Frequency difference limen averaged across three listeners. The
left-hand panel shows results for FO's of 88.4 Hz (circles) and 250 Hz
(squares) averaged across all listeners. The right-hand panel shows re-
sults for the intermediate FO, which was selected individually for each
listener (see text for details).

2. Results

The thresholds are shown as a percentage of the nom-
inal FO in Fig. 7. The left-hand panel shows thresholds for
FO's of 88.4 and 250 Hz, whereas the right-hand panel
shows thresholds obtained at the intermediate FO. The re-
sults are not divided at the intermediate FO because they
all clearly fell within the same group (note that a different
set of listeners are used from experiments 3 and 4). The
results show a very similar interaction between spectral
region and FO to that obtained in experiment 4. It is also
worth noting that, as in experiment 4, thresholds in the
MID region at an FO of 125 Hz were much higher for
ALT-phase than for SINE-phase stimuli, consistent with
the ALT-phase stimuli having a weak or ambiguous pitch.

IV. DISCUSSION

A. Can a single measure of resolvability predict
performance in different tasks?

In Sec. II C we showed that whether ALT-phase stim-
uli were perceived as having a pitch of FO or 2F0 depended
upon whether fewer than 2, or more than 3.25 harmonics,
respectively, interacted within a single auditory filter (de-
fined by its 10-dB-down bandwidth). We used these cutoff
points as criteria for whether stimulus harmonics were re-
solved, or unresolved, respectively. The same rule can also
be applied to the discriminability of SINE-phase stimuli,
where low thresholds occur for stimuli with F0 and spec-
tral region combinations which our analysis calculates to
result in resolved harmonics, whereas high thresholds oc-
cur under conditions where we calculate there are unre-
solved or partially resolved harmonics. For example, FDLs
(solid symbols in Fig. 7) are all below 1.5% for resolved
stimuli, as defined by our criterion, with all other thresh-
olds above 2.5%. Similar dichotomies can be applied to the
FMTs (Fig. 5) and to the FMDDTs (Fig. 6). Several
others (Cullen et al., 1986; Hoekstra, 1979; Houtsma and
Smurzynski, 1990) have also shown that frequency dis-
crimination thresholds for high harmonics are larger than
for low harmonics. Houtsma and Smurzynski (1990)
found that, when the resolution of the lowest harmonics in
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the stimulus was decreased from 1.8 harmonics/filter to 2.9
harmonics/filter, FDLs increased from about 0.5 Hz to
above 5 Hz for an FO of 200 Hz. Similarly, Cullen and
Long (1986) found an increase in rate jnds for pulse trains
with an FO of 200 Hz from 0.6 Hz when the stimulus was
unfiltered to 4.5 Hz when the trains were high-pass filtered
at a cutoff of 2.5 kHz (resolution of 2.7 harmonics/filter
just above cutoff). Hoekstra (1979) measured frequency
difference limens for i-oct-wide stimuli; he found that
thresholds increased markedly when the resolvability of
the lower components was increased from approximately
2.0 to 3.7 harmonics/filter. The position of the transition
region in these experiments is in fairly good agreement
with our criterion.

None of the above tasks require listeners to separate
individual harmonics from the complex in order to per-
form the task, and all give a similar measure of the har-
monic separation, or resolvability, at which there is a tran-
sition from good to poor performance. We have used the
terms resolved and unresolved to describe the harmonic
separation on either side of this transition. However, some
might argue that harmonics can only be truly described as
resolved if it is demonstrated that they can be processed
independently of each other. For example, Moore and
Ohgushi (1993) found that the ability to hear a single
component out from an inharmonic complex was very
poor when the resolution was 2.6 harmonics/filter and in-
creased to near perfect when the resolution was improved
to 1.2 harmonics/filter. These values are smaller than those
we obtained as cutoff values in our definitions for unre-
solved and resolved, and are comparable with a transition
from good performance to poor performance at resolutions
of between 1.0 and 1.8 harmonics/filter in tasks which
require listeners to detect the mistuning of a single har-
monic within a complex (Moore et al., 1984, 1985b). It
would therefore appear that to be able to perceptually seg-
regate a harmonic from its companion harmonics requires
a greater harmonic separation than we estimate from our
tasks. This does not invalidate our findings, but does sug-
gest that the critical separation at which harmonics appear
to interact within individual auditory filters (i.e., become
unresolved) depends upon the paradigm and therefore the
definition of resolvability may be task dependent.

Patterson (1987) asked listeners to discriminate be-
tween a harmonic complex in cosine phase and one in
which the phase of alternate harmonics was changed be-
tween cosine phase and a variable phase. The variable
phase was adjusted until listeners were correct 90% of the
time. Fundamental frequency and the lowest harmonic
used were varied orthogonally, so performance can be
linked directly to harmonic resolution. It was found that
the phase threshold was lower the less resolved the stimu-
lus harmonics were, although thresholds tended to be
larger for higher FO’s, even when comparing complexes
with similar resolvability. Our criterion does not work so
well for these stimuli. Although it is true that the thresh-
olds obtained by Patterson were higher for stimuli with a
resolution better than two harmonics/filter than for stimuli
with a resolution poorer than three harmonics/filter, equal
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performance did not always follow from equal resolution.
We have no convincing explanation for this failure. How-
ever, Patterson argued that the detection of the phase
change was mediated by small perturbations in the minima
of the waveform, so it is possible that a model which takes
into account the attenuation of the outer harmonics for
resolutions of around three harmonics/filter may be more
successful.

B. Comparison of three different measures of
discriminability

All three measures of discrimination show a similar
pattern of thresholds for harmonics that were either com-
pletely resolved or completely unresclved, as defined
above: Thresholds are consistently lower for resolved than
for unresolved harmonics. Thus in this respect, the dis-
crimination results obtained with static stimuli (Hoekstrz,
1979; Houtsma and Smurzynski, 1990; Moore er al., 1984)
extend to FM stimuli, and to a novel form of discrimina-
tion measure, the FM direction discrimination threshold
(FMDDT). However, there are differences between the
measures when the stimulus was partially resolved, which
for ALT-phase stimuli led to an unclear pitch. Carlyon
et al. (1992) showed, for stimuli with an FO of 125 Hz
presented in the MID region, FMTs did not differ mark-
edly between stimuli in ALT and SINE phase. This result
is largely confirmed here: Although there is some evidence
in Fig. 4 that the ALT-phase thresholds are higher than
those obtained for SINE-phase stimuli, this effect is much
smaller than that seen in Figs. 5 and 6 for FMDDTs and
FDLs, respectively. Experiments 1 and 2 showed that an
FO of 125 Hz in the MID region produced an unclear pitch
for ALT-phase stimuli, so it is reasonable to argue that the
poor performance in the FDL and FMDDT tasks is be-
cause they require pitch to be extracted, whereas the FMT
can proceed without explicit pitch extraction. Note in par-
ticular that FDL and FMDDT values at 88 Hz in the
HIGH region are not generally higher for ALT than for
SINE phase, even though the ALT-phase stimuli have a
perceived pitch an octave above their true FO (experiment
2). Thus although playing the stimulus in ALT phase
caused its perceived FO to double, this did not affect its
discriminability: Listeners could encode the pitch accu-
rately, even though it did not correspond to FQ. In other
words these experiments show that phase affects the dis-
criminability of stimuli when it affects the clarity of the
perceived pitch, but not when it simply shifts the mean
perceived value.

C. Implications for theories of pitch perception

It has already been shown that the traditional theories
which can only operate on resolved harmonics (Goldstein,
1973; Piszczalski and Galler, 1979; Terhardt, 1974; Ter-
hardt er al,, 1982), or unresolved harmonics (Schouten,
1940, 1970) cannot, individually, explain the perception of
pitch for both resolved and unresolved harmonics (e.g.,
Hoekstra, 1979; Houtsma and Smurzynski, 1990). For this
reason, among others, theories were suggested which used
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FIG. 8. Autocorrelograms and summary autocorrelations (Meddis and
Hewitt, 1991a) for stimuli presented in the MID region with F0's of 83.4
and 250 Hz (see text for further details).

a common mechanism across the entire frequency spec-
trum (Assmann and Summerfield, 1990; Houtsma and
Smurzynski, 1990; Meddis and Hewitt, 1991a,b; Moore,
1989; Slaney and Lyon, 1990). An alternative approach
would be to assume that the two mechanisms described by
the traditional theories jointly operated, depending upon
whether the harmonics were resolved or not. This form of
dual-mechanism theory obviously has no problem in ex-
plaining why thresholds for resolved and unresolved har-
monics are so different, but the single-mechanism theories
are posed more problems. Houtsma and Smurzynski
(1990) argue that the Srulovicz and Goldstein (1983)
model, which was initially proposed to account for the
pitch of resolved harmonics only, can also predict in-
creased thresholds for unresolved harmonics; however this
argument does not hold for the other common-mechanism
theories (Assmann and Summerfield, 1990; Meddis and
Hewitt, 1991a; Moore, 1989; Slaney and Lyon, 1990).
These perform a temporal analysis of the output of each
channel of an auditory filter bank, and then combine the
periodicity information across channel frequency. The
most explicitly defined mechanism for doing this is pro-
posed by Meddis and Hewitt (1991a) who suggest that
each hair-cell output is autocorrelated and these autocor-
relations summed across frequency to form a summary
autocorrelation. Figure 8 shows the autocorrelations for
individual channels in the MID region for FO’s of 88.4 and
250 Hz [Fig. 8(a), (b)] and their associated summary au-
tocorrelations [Fig. 8(c), (d)]. These FO’s were chosen
because they produce high and low FDL thresholds, being
unresolved and resolved, respectively, according to our
definition. The most obvious change between Fig. 8(c) and
(d) is the larger number of cycles of “envelope” in the
250-Hz case. This should be ignored because it also occurs
when stimuli with these FO’s are both presented in either
the LOW or the HIGH regions (both resolved or unre-
solved, respectively), and FDLs for 250-Hz stimuli are not
markedly lower than those for 88.4 Hz in those cases [Fig.
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7(a)]. The point to notice is that the fine structure of the
summary autocorrelation has the same period for both
FQ’s (this is characteristic of the highest frequency com-
ponent in the signal), and that the ratio of the amplitudes
of the main peak to the secondary peaks is approximately
the same for both FO’s (or slightly larger at 88.4 Hz).
Moore (1977), followed by Meddis and Hewitt (1991a),
has argued that the number of candidate pitch peaks in the
region of the “true” pitch peak indicates how salient the
pitch percept will be; according to this argument the pitch
encoding for 88.4 and 250 Hz should be equally accurate
(or the 88.4 Hz betier). In fact, thresholds are much
higher for the 88.4-Hz stimulus, suggesting that the sum-
mary autocorrelation model is inadequate to fully explain
performance for these stimuli. If the pitch extraction mech-
anism did not form summary autocorrelations but oper-
ated directly upon the autocorrelation display, then the
dichotomy between resolved and unresolved thresholds
would be easier to explain since the individual channel
autocorrelations [Fig. 8(a) and (b)] are very different for
the different FO’s. In its current form, therefore, the Med-
dis and Hewitt (1991a) model has difficulties explaining
our data. However, it is possible that future developments
may solve this problem. The question of whether the pitch
perception of resolved and unresolved harmonics can be
explained by a single mechanism is examined in more de-
tail in our companion paper (Carlyon and Shackleton,
1994).

D. Summary

The results presented here demonstrate two different
modes of pitch perception. One mode occurs with stimuli
comprising unresolved harmonics, whereas the other oc-
curs with stimuli comprising resolved harmonics. Pitch-
preference and pitch-matching experiments revealed that
summing unresolved harmonics in alternating phase
caused their pitch to increase by an octave relative to that
of otherwise-identical sine-phase stimuli, whereas this was
not the case for resolved harmonics. A simple rule, defining
whether or not a given group of harmonics was resolved,
could account for the results of the pitch experiments. The
rule was that, when fewer than two harmonics occurred,
on average, within the 10-dB bandwidth of an auditory
filter then the stimulus harmonics were effectively resolved;
whereas when there were more than 3.25 harmonics/filter
then they were effectively unresolved. In between there was
a transition region. The same definition of resolvability
could also account for the results of three different exper-
iments which aimed to measure the discriminability of FO
differences. For each of the three measures (FM detection
thresholds, FMTs; FM direction discrimination thresh-
olds, FMDDTs; and frequency difference limens, FDLs),
thresholds were higher with unresolved than with resolved
harmonics. For stimuli of borderline resolvability, sum-
ming harmonics in alternating phase led to an unclear
pitch, and greatly increased FDLs and FMDDTs, but only
slightly increased FMTs. It therefore appears that, when
detecting FM, listeners are able to use some cue, other than
pitch changes, which is not available when detecting static
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FO differences (FDL) or when discriminating the direction
of FM (FMDDT). It is, however, not clear exactly what
this cue is.
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longer than the period of that tone, due to the refractory nature of
nerve-fiber firing patterns. Furthermore, he noted that this effect in-
creased with increasing frequency, so that, in terms of ISIs, high-
frequency tones would sound *“‘flatter” than low-frequency tones, relative
to their genuine frequencies. Therefore, in order to match to the octave,
listeners would have to counteract this by adjusting the high-frequency
tone slightly “‘sharp.” This explanation cannot account for our results in
which listeners matched the envelope repetition rates of two complex
tones in the same frequency region to be nearly equal. Under these
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been unaffected by the phase of the stimuli, and so listeners should not
have shown any systematic bias.
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and did not affect the mean values plotted.
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