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Two models for pitch discrimination of harmonic complex sounds are discussed, a multiple-band
probability summation model using comparisons among component frequencies, and a model in
which residue pitches are compared. The second model is based on Goldstein’s optimum-
processor pitch theory [J. Acoust. Soc. Am. 54, 1496-1516 (1973)], and is distinguished from the
multiple-band model by an internal noise process. Pitch difference limens from 2I12AFC tasks
show that when the test signals comprise corresponding harmonics, relative pitch difference
limens are less than the smaller relative difference limens for the component frequencies, which is
consistent with the multiple-band model. The absence of corresponding harmonics significantly
reduces relative pitch discriminability; this effect supports the model on Goldstein’s theory. It
appears that residue pitch comparisons are not used for pitch discrimination between sounds with
corresponding components; rather, comparisons based on residue pitch are only employed where
there are no common resolved components in the signals to be discriminated.

PACS numbers: 43.66.Hg, 43.66.Fe, 43.66.Ba

INTRODUCTION

Human observers’ sensitivity to changes in the pitch of
complex signals is of direct relevance to the perception of
both speech and music, but, with some exceptions (Flanagan
and Saslow, 1958; Schodder and David, 1960; Ritsma, 1963;
Henning and Grosberg, 1968; Walliser, 1969; Cudahy, 1975;
Fastl and Weinberger, 1981; Horst et al., 1984; Moore et al.,
1984; Scheffers, 1984; Spiegel and Watson, 1984), studies of
pitch discrimination have investigated sinusoidal stimuli
(e.g., Shower and Biddulph, 1931; Turnbull, 1944; Harris,
1952, 1966; Liang and Chistovich, 1961; Henning, 1966,
1967, 1970; Moore, 1973; Weir et al., 1977a). Pitch discrimi-
nation can be related directly to auditory frequency analysis
(Helmholtz, 1863), and that theoretical framework suggests
that the factors which affect discrimination of simple signals
will affect discrimination of complex signals in the same
way. In some cases, however, it is possible that additional
processes, such as those involved in the perception of *“resi-
due” or “virtual” pitch, may play a part in discrimination.
For example, the “optimum-processor” theory {Goldstein,
1973; Srulovicz and Goldstein, 1983) proposes that the pre-
cision of residue pitch is not limited by the discriminability
of the component frequencies, but rather by noisy frequency-
specific channels conveying estimates of the frequencies of
components to a central pitch processor. We now briefly
review two models for the discrimination of the pitch of com-
plex signals.

I. MODELS OF DISCRIMINATION OF COMPLEX
SIGNALS

A. A multiple-band model

The simplest plausible model of pitch discrimination for
complex signals is a multiple-band probability summation
process in which the discriminability of the pitch of a com-
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plex signal is derived directly from the discriminability of the
components. From this model, which is elaborated in Ap-
pendix A, the relative DL of a complex signal & (f,,)/f, is
given by

) -2 Gin) §

where 8(f;)/f; is the relative DL of the ith component of the
signal.

B. A residue pitch model

Modern pitch theories (Terhardt, 1970, 1974; Gold-
stein, 1973; Srulovicz and Goldstein, 1983; Wightman,
1973} lead to the prediction that the discriminability of the
residue pitch will be based indirectly upon component fre-
quency discriminability through the pitch extraction pro-
cess. As de Boer (1977) has argued, these pitch theories have
many similarities and should lead to similar predictions.
Goldstein (1973) has derived the following prediction for the
precision of residue pitch from his optimum-processor mod-

el:
o -2 () g

where o{f,,)/f, is the relative standard deviation of the resi-
due pitch estimate in the region of the fundamental frequen-
cy, and off;)/f; is the relative standard deviation of an inter-
nal estimate of the frequency of the ith component [Gold-
stein’s Eq. (15)]. A computer simulation of Wightman’s
(1973) model makes a similar prediction to Eq. (2) (Faulkner,
1982). If o{f; )/f; is equivalent to 8(f;)/f; then Eq. (2) is equi-
valent to Eq. (1), the prediction of the multiple-band model.

Estimates of the model parameter o(f;)/f; from error
rates in melody and musical interval identification are 0.010
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or more between 1 and 10 kHz (Goldstein, 1973; Goldstein et
al., 1978; Houtsma, 1979); these estimates are notably larger
than the pure-tone relative DL, which may be smaller than
0.002 between 1 and 2 kHz (Shower and Biddulph, 1931;
Henning, 1967, 1970; Moore, 1973; Weir et al., 1977a). The
discrepancy could be due to some unknown source of error
in pitch identification, but Goldstein assumes it to be due to
an internal component of o{f;)/f; . If this internal component
is independent of the frequency DL, a{f;)/f; may be rewrit-
ten in terms of 8%(f;)/f; and an additional internal noise

o’(int;) as
A f)f; = 8fiVf; + o int,). (3)

Il. PREVIOUS STUDIES OF DISCRIMINATION OF
COMPLEX SIGNALS

Previous studies indicate that the relative discriminabil-
ity of the pitch of a complex signal may be considerably bet-
ter than the discriminability of the fundamental frequency
component alone, and comparable to the discriminability of
the best discriminated components of the complex (Flana-
gan and Saslow, 1958; Henning and Grosberg, 1968; Wal-
liser, 1969; Moore et al., 1984; Spiegel and Watson, 1984).

It is unclear whether such discriminations depend upon
the perception of residue pitch, but an experiment reported
by Ritsma (1963) suggests that they do not. Ritsma found the
relative DL for the absent fundamental frequency of a har-
monic signal to be larger than that for an isolated pure tone
in the region of the complex signal’s components. In Rits-
ma’s study, two signals without common components were
compared, while in the other studies cited here, the two sig-
nals comprised identical series of harmonics. It is thus possi-
ble that residue pitch differences were used only in Ritsma’s
experiment, while in the other studies, performance was
based on component frequency differences.

If the optimum-processor model’s assumption of an in-
ternal noise is correct, the relative DL for residue pitch may
well be, as Ritsma found, greater than the relative DLs of the
components that are combined to produce the residue pitch.
Furthermore, the DL for residue pitch will be unaffected by
external noise until that noise is similar in power to any inter-
nal noise. The experiments described below test these predic-
tions. In one task, the conditions allow observers to make
multiple component frequency comparisons, and, if they do
so, their performance should be as predicted by the multiple-
band model. In a second task, component frequency com-
parisons do not provide a useful cue, forcing the use of resi-
due pitch differences.

IH. INTRODUCTION TO THE EXPERIMENTS

In order to observe any correlation of performance in
the discrimination of simple and complex tones, two param-
eters known to affect the discriminability of the frequency of
simple tones were varied: level (Shower and Biddulph, 1931;
Harris, 1952; Weir et al., 1977a) and signal-to-noise ratio
(Harris, 1966; Henning, 1967). It is important to note that
the components of a complex signal may mask each other.
Thus the DL for a single sinusoid may not be a good estimate
of the discriminability of a component of a complex signal at

1994 J. Acoust. Soc. Am., Vol. 78, No. 6, December 1985

that same frequency; in order to avoid this problem, esti-
.mates of frequency DLs for single components are obtained
with the other components of the complex signal also pres-
ent as continuous tones of constant frequency. Moore et al.
(1984) used a similar procedure, but presented the other
components as pulsed tones of the same duration as the test
component.

A 2-interval, 2-alternative forced-choice (2I12AFC) pro-
cedure is used throughout. The two signals presented in the
two observation intervals have similar fundamental frequen-
cies and, hence, similar residue pitches, and either have com-
ponents of the same harmonic number, which we may call
“coincident” components, or they have no common har-
monics; that is, they have “noncoincident” components. In
the former case, component frequency comparisons are pos-
sible, and performance need not be mediated by a residue
pitch discrimination. In the latter case, component frequen-
cy comparisons are impossible.

IV. GENERAL EXPERIMENTAL METHODS
A. Stimuli

The stimuli were: (1) two-component harmonic com-
plexes; (2) the individual components of a two-component
complex; and (3) a reference stimulus with a strong and un-
ambiguous pitch. The fundamental frequency of all the com-
plexes was approximately 200 Hz. The two-component com-
plexes contained either the 4th and 5th, or the 5th and 6th
harmonics, while the reference signal contained the 1st, 2nd,
7th, 8th, and 9th harmonics. Experiments 1 and 3 employed
two-component complexes and their individual compo-
nents. In these experiments, the fundamental frequencies of
the two stimuli given on each trial were equally spaced about
200 Hz. Experiments 2 and 4 employed the five-component
reference signal and a two-component test signal. The refer-
ence signal had a constant fundamental frequency, and only
the fundamental frequency of the two-component test signal
was varied.

The complex signals were generated with components
of equal amplitude added in sine phase. A low-pass-filtered
masking noise was presented with the two-component com-
plexes to mask any auditory distortion products below the
frequencies of the components. The noise filter cutoff fre-
quency was 613 Hz, the filter slope was 96 dB/oct, and the
noise power density below the cutoff frequency was 20 dB
below the level of the components. The stimuli were all 100
ms in half-power duration, and were gated with an exponen-
tial rise and fall time of 12.5 ms. Figure 1 shows the time
course of the discrimination tasks.

B. Apparatus

The stimuli were computer generated (PDP8/e), played
through 10 bit DACs, and recorded onto tape (Revox A77)
after filtering (Kemo VBF/3) and gating (Grason—Stadler
829E). The tapes were replayed to the observers at twice the
recording speed. The effective sampling rate of the signals at
replay was 16 kHz, with low-pass filtering effectively at 3
kHz. A wave analysis of the recorded signals showed no
distortion products less than 48 dB below the desired com-
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FIG. 1. The time course of the discrimination tasks; the gating envelope is
not shown. The rectangular blocks represent the low-pass-filtered noise.
Panel (a) illustrates the component frequency discrimination task; the test
component is here shown at 800 Hz and the continuous second compo-
nent is shown at 1000 Hz. Panel (b) shows the coincident component dis-
crimination task; the components are at 800 and 1000 Hz, and both differ
in frequency between the two intervals. Panel {c) shows noncoincident
component discrimination; the first signal is the reference signal, with -
components at 200, 400, 1400, 1600, and 1800 Hz, and the second inter-
val contains components at the 4th and 5th, or the 5th and 6th harmonics
of 200 + Af Hz, embedded in a burst of noise.

ponents. The speed stability of the tape recorder over a re-
cord-replay cycle was better than 0.07% (peak reading). The
observer was seated in a sound-insulated booth (Amplivox)
and heard the stimuli through headphones {(Rogers Ravens-
brook) driven by a Mullard Unilex amplifier. The frequency
response of the system as measured with an artificial ear
(B & K type 4153 coupler, with type 4134 microphone, and
type 2607 measuring amplifier) was flat within + 2 dB
between 200 and 2500 Hz. Noise was derived from a Dawe
type 419C white noise generator, and filtered by a Kemo
VBF/3 and a Dawe type 1462A filter in series.

C. Observers

Two observers were used. Each had normal hearing and
was an active amateur musician. One observer was the au-
thor; the other was paid for his services.

D. Procedure

The method of constant stimuli was used; the two 100-
ms observation intervals were separated by a 200-ms inter-
val. The intertrial interval was about 3 s. Trials were present-
ed in blocks with Af constant; Af was either increased or
decreased monotonically throughout a session of eight

blocks. The order of different experimental conditions was -
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approximately counterbalanced, both within and between
observers, over the days of testing.

The observer was instructed to judge the pitch of the
tone in the first observation interval as “high” or “low” with
respect to the pitch of the signal in the second interval, and
wrote his response on an answer sheet. No trial-by-trial feed-
back was provided, but the observers were told of their gen-
eral performance level when they next attended. The observ-
ers had at least 20 h of prior experience of pitch
discrimination tasks, including a residue pitch discrimina-
tion task.

E. Analysis of results

The observers’ performance was recorded in the form of
two-tailed psychometric functions, showing the probability
of the response “high” as a function of the relative frequency
difference between the signals in the first and second inter-
vals. These functions are summarized by DLs derived from
the slopes, which were estimated by a Probit analysis (Fin-
ney, 1973); details of this procedure are given in Appendix B.

V. EXPERIMENT 1: DISCRIMINATION OF COMPONENT
AND FUNDAMENTAL FREQUENCY OF COMPLEXES
WITH COINCIDENT COMPONENTS

The first experiment addresses the question of whether
the relative discriminability of the fundamental frequency of
a two-component harmonic signal is better than that of the
frequencies of the components of the signal. The varied pa-
rameter was the level of the components. ’

A. Stimuli and procedure

The two stimuli were composed of the 4th and 5th har-
monics of 200 Hz. The presentation level of each component
in different sessions was 15, 20, 30, 40, or 50 dB SL.' Trials
were presented in blocks of 50 with Af constant. The relative

‘fundamental frequency differences were 0.001, 0.002, 0.003,

0.004, 0.005, 0.006, 0.008, and 0.012, except for the 15- and
50-dB component frequency discrimination .data, where
they were 0.002, 0.004, 0.006, 0.008, 0.012, 0.016, and 0.024.
The psychometric functions were based on at least 100 trials
per point.

B. Results and discussion

The psychometric functions are shown in Fig. 2. The
Probit analysis showed that the observed functions from
both tasks and both observers are generally well fitted by
normal ogives on a linear frequency scale. The 50% points of
the functions all lie very close to a zero frequency difference,
indicating a negligible bias.

The DLs estimated from these functions (see Appendix
B) are summarized in Table I. Figure 3 shows these dataas a
function of SL. The effect of SL is nonmonotonic, but consis-
tent within and between each observer. The relative DLs
decrease, as expected, between 15 and 30 dB SL, but start to
rise again above 30 or 40 dB SL. This latter effect is probably
due to an increased upward spread of masking from the low-
pass noise at these higher levels (Weber, 1977); a similar in-
crease in the frequency DL may be seen in Henning’s (1967)
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FIG. 2. Psychometric functions from experiment 1: component frequency discrimination, and complex signal discrimination with coincident components.
The ordinate shows the probability of the response that the first signal is judged higher in pitch as a function of the relative frequency difference Af/f
between the first and second signals, which is shown on the abscissae. The frequency-difference scale here and in the subsequent similar figures is displaced
horizontally for each SL; each function and abscissa is labeled with the SL parameter. The curves are drawn through the best-fitting normal ogives given by
a Probit analysis of the functions (see Appendix B). Panels (a) and (d) show the functions for the 800-Hz component, panels (b) and (e} show those for the
1000-Hz component, and panels (c) and (f) show the functions for the complex signal.

results at higher signal levels. The effect of SL appears to be
greater for component frequency discrimination than for
complex signal discrimination.

The finding of crucial interest is that the observed DLs
for the complex signal are, in nine out of ten cases, smaller
than the smaller relative DL of the component frequencies,
and in eight out of the ten cases, this difference exceeds two
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standard errors. The observed DLs are close to the predic-
tion of the multiple-band model and differ from the predic-
tion by less than two standard errors in six out of the ten
cases. The results thus support the multiple-band model.
Since the relative DL for the complex could arise either from
component frequency comparisons or from residue pitch
comparisons, the data do not, in themselves, address the oth-
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TABLEI Relative DLs X 10° and standard errors for component frequency and coincident complex discrimination in experiment 1. The signal is indicated
by harmonic numbers.

15 20 30 40 50
SL dB DL SE DL SE DL SE DL SE DL SE
Obs AF Harmonic number
4 7.56 0.37 3.50 0.11 2.26 0.09 2.27 0.09 3.36 0.17
5 4.47 0.22 2.63 0.10 2.36 0.17 2.01 0.08 3.49 0.18
4+5 272 0.12 2.31 0.10 2.00 0.09 2.03 0.09 2.36 0.10
ObsGS  Harmonic number
4 i 0.27 3.05 0.11 2.78 0.10 3.23 0.11- 4.51 022
5 4.98 0.24 3.09 0.13 2.92 0.12 3.83 0.14 6.63 0.40
445 2.80 0.14 2.52 0.09 2.18 0.09 2.40 0.08 3.73 0.14
er issues of interest here. To pursue these issues, experiment + Af Hz. The reference signal was presented in a silent
2 uses a task that prevents the use of component frequency  background with equal intensity components at a level equi-
comparisons. valent to 40 dB SL at 1000 Hz. The test signal was presented
with its components at 15, 20, 30, 40, or 50 dB SL together
VI. EXPERIMENT 2: DISCRIMINATION OF with the low-pass-filtered noise used in experiment 1. The
FUNDAMENTAL FREQUENCY WITH NONCOINCIDENT  noise was gated on 100 ms before the onset of the test signal,
COMPONENTS and off 100 ms after its offset, with a rise and fall time of 25

ms. The inclusion of two test signals within a block of trials
was intended to encourage the use of fundamental frequency
differences rather than between-trial comparisons of compo-
nent frequencies; only the signal containing the 4th and 5th
harmonics is comparable with that used in experiment 1.

Trials with a constant Af were presented in blocks of
100, containing equal numbers of each of the two test signals.
Eight blocks were given in a 1-h session with Af/fof 0.001,
0.002, 0.003, 0.004, 0.005, 0.006, 0.008, and 0.012. The ob-
servers received at least four sessions at each SL.

The second experiment required pitch discrimination
between a pair of complex signals with noncoincident com-
ponents. The major question is whether pitch discriminabi-
lity with these signals is equivalent to that observed with
coincident components. If performance is similar in both
tasks, then both may be performed on the basis of residue
pitch differences. If discriminability is poorer in the present
task, it may be that discrimination of signals having coinci-
dent components is performed by reference to component
frequency comparisons, and that residue pitch comparisons
are used only when comparisons of individual components
areimpossible. Asin experiment 1, the varied parameter was ~ B. Results and discussion

signal level. The psychometric functions are shown in Fig. 4. The
observed functions do not deviate systematically from nor-
A. Stimuli and procedure mal ogives. The 50% points of the functions are close to'a

A trial was composed of the reference signal described zero frequency difference for observer AF except for the test
earlier followed by the test signal. The test signal contained signal containing the 5th and 6th harmonics at 15 and 20 dB
either the 4th and 5th or the 5th and 6th harmonics of 200 SL. For observer GS, the 50% point is clearly dependent on

FIG. 3. Relative DLs as a function
1 of SL for component frequency
discrimination and complex sig-
E nal discrimination with coinci-
dent components in experiment 1.
Component frequency DLs are
shown as filled circles (800 Hz)
and open circles (1000 Hz), the
complex signal DL as filled trian-
gles, and the predicted complex
DL as the dotted line. The error
bars show + 1 standard error.

SL dB
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FIG. 4. Psychometric functions from experiment 2: noncoincident component complex discrimination with SL as the parameter. Axes as in Fig. 2. Panels
(a) and (c) show the functions for the test signal comprising 800 and 1000 Hz, and panels (b) and (d) show the functions for 1000 and 1200 Hz.

the harmonic content of the test signal; for this observer, the
reference signal was more likely to be judged “lower” than
the test signal having the higher harmonics, and more likely
to be judged “higher” than the test signal with lower har-
monics. It is not clear whether this bias was due to a genuine
pitch difference between the two test signals, or to a response
bias related to the frequencies of the components. The main
concern here, of course, is with the slopes of the functions
from which the DLs are estimated.

Relative DLs were derived, as before, from the slopes of
the psychometric functions (see Appendix B), and are shown
in Table II. Figure 5 shows the relative DLs as a function of
SL together with the complex signal DLs from experiment 1.

The DLs obtained at 20 dB from observer AF are elevat-
ed by unusually large between-session variability, and no
significance is attached to this increase. If these points are
neglected, the DLs show a comparable nonmonotonic de-

pendence on SL to those found in experiment 1. In general,
the pitch of the test signal containing the 4th and Sth har-
monics was more discriminable than that of the signal con-
taining the 5th and 6th harmonics, but this difference was
slight. :

The main result of the experiment is that the DLs ob-
served here are consistently and significantly larger than
those found for the same signal in the coincident discrimina-
tion task of experiment 1. This suggests that residue pitch
differences are used only in the noncoincident component
discrimination task, and not in the coincident component
task. The difference between the coincident and the noncoin-
cident complex DLs is consistent with an additional internal
noise process, so that Goldstein’s assumption that the preci-
sion of residue pitch is limited by an internal noise compo-
nent may be correct. After data on the effects of signal-to-
noise ratio on pitch discrimination have also been presented,

TABLE II. Relative DLs X 10° obtained from the noncoincident complex discrimination task of experiment 2.

‘ 15 20 30 40 50

SL dB DL SE DL SE DL SE DL SE DL SE
Obs AF  Harmonic number

445 4.39 0.35 4.4 0.68 3.42 0.40 3.70 0.33 3.86 0.24

5+6 4.79 0.50 5.57 0.75 4.18 0.26 317 0.17 4.56 0.54
Obs GS  Harmonic number

445 4.32 0.23 3.49 0.28 2.74 0.18 4.32 0.23 5.86 0.32

546 4.59 0.26 4.02 0.23 3.57 0.26 4.29 0.23 6.19 0.42
1998 J. Acoust. Soc. Am., Vol. 78, No. 6, December 1985 Andrew Faulkner: Pitch discrimination of complex signals 1998
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SL from the coincident and noncoin-
cident component complex discrimi-
nation tasks from experiments 1 and
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angles.
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a quantitative test of this explanation will be made, which
will also provide an estimate of the value of the internal noise
contribution.

In order to achieve a greater range of discrimination
performance, which allows a stronger test of the internal
noise assumption, similar experiments were performed in
which the signals were presented at a constant level in a
variable signal-to-noise ratio.

Vil. EXPERIMENTS 3 AND 4: DISCRIMINATION OF
COMPONENT FREQUENCY AND FUNDAMENTAL
FREQUENCY AS A FUNCTION OF SIGNAL-TO-NOISE
RATIO

A. Stimuli and procedure

These two experiments replicate experiments 1 and 2,
respectively, except that the test signals were always present-
ed with each component at a constant SL of 30 dB, and a
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FIG. 6. Psychometric functions from experiment 3: component frequency discrimination, and complex signal discrimination with coincident components
with S/N, a8 a parameter. Panels (a) and (b) show the functions for component frequency discrimination at 800 and 1000 Hz, respectively, and panels (c) and
{d) show the functions for discrimination of fundamental frequency.
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FIG. 7. Psychometric functions from experiment 4: noncoincident component complex discrimination. Panels (a) and (c) show the functions for the test
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broadband white noise of variable level was added to the
low-pass masking noise. The white noise had a spectral den-
sity between 16, 21, 26, 31, or 36 dB below that of the signal
components. The procedure was as before, except that only
the author was able to participate in the component frequen-
cy discrimination task of experiment 3.

B. Resuits and discussion

The psychometric functions are shown in Figs. 6 and 7.
All the functions are reasonably well fitted by the theoretical
ogives. The functions from the component frequency and
coincident tasks show minimal bias, but, in the noncoinci-
dent task, both observers show a consistent bias towards
judging the test signal having the higher frequency compo-
nents as higher in pitch, and vice versa.

The DLs were again derived from the slopes of the psy-
chometric functions; these data are summarized in Table I1I.
Figure 8 shows the data from observer AF in the component
frequency discrimination task and the coincident compo-
nent complex discrimination task together with the predic-
tion for the latter task from the multiple-band model. The
DLs all show a monotonically decreasing dependence on
S/N,. As the relative DL for the 4th harmonic is rather larg-
er than that for the 5th, the prediction of the multiple band
model is not very different from the smaller component fre-
quency DL. Nevertheless, the observed DL for the coinci-
dent task is less than the smaller component frequency DL,
where S/N, is 21 dB or more. The relative DLs from the
noncoincident component complex in experiment 4 are

shown in Fig. 9. The effect of /N, is comparable with exper-

TABLE IIL Relative DLs X 10~ obtained from experiments 3 and 4. The subscripts “c” and “n” indicate the coincident and noncoincident tasks,

—_—, s e e—e——_;_G_ee—

16 21 26 31 6
S/N,dB DL SE DL SE DL SE DL SE DL SE
Obs AF  Harmonic number
4 12.04 0.88 6.49 0.39 4.40 0.24 4.36 0.24 4.14 022
5 8.60 0.51 4.22 0.23 2.91 0.15 2.59 0.13 294 0.15
445, 8.88 0.64 4.04 0.18 2.61 0.11 2.28 0.10 1.97 0.09
445, 12.68 0.65 8.48 0.44 6.16 0.65 5.92 0.45 e e
546, 9.89 0.50 5.19 0.26 4.82 0.33 4.59 0.23
Obs GS  Harmonic number
445, 7.83 0.51 5.06 0.20 3.84 0.17 3.15 0.14 2.78 0.12-
445, 10.38 0.80 7.87 0.55 4.64 0.47 4.37 0.30 3.94 0.25
546, 15.12 1.49 7.84 0.41 5.96 0.30 4.05 0.22 3.83 0.33
%
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FIG. 8. Relative DLs as a function of S/N,, from the component frequency -

and coincident component discrimination tasks from experiment 3. Data
from observer AF only. The component DLs are shown as solid circles (800
Hz) and open circles (1000 Hz), and the fundamental frequency DL is shown
as solid triangles; the multiple-band prediction for the fundamental fre-
quency DL is given by the dotted line.

iment 3, but the noncoincident DLs are consistently larger
than those from the coincident task. The present experi-
ments replicate the finding from experiments 1 and 2; the
noncoincident DLs exceed those for the coincident compo-
nent complex, and the differences between the two sets of
data are comparable in both cases. Hence, these data again
support the idea that only the noncoincident component dis-
crimination task involves the use of residue pitch and also
support Goldstein’s internal noise assumption. The ob-
served DLs show a monotonic dependence on signal-to-
noise ratio, but the noncoincident DLs fall only very slightly
as the signal-to-noise ratio increases beyond 21 dB, although
the coincident DLs continue to decrease. This behavior is
characteristic of a noise-limited process.

(a)

VIil. GENERAL DISCUSSION

There may be alternative explanations of the differences
between the performance observed in the coincident and
noncoincident tasks. The use of pulsed rather than contin-
uous masking noise in experiments 2 and 4 might be impor-
tant (Weir et al., 1977b), but the signals used here are 100 ms
long and well above threshold, and no major effect is expect-
ed.

Perhaps more importantly, in the noncoincident task,
there were two possible test signals on a trial, composed of
two of three possible harmonics, while the same two-compo-
nent test signal always occurred in the coincident task. This
difference would lead to a degree of frequency uncertainty in
the noncoincident task (see Appendix A}, which might in-
crease the DL in the noncoincident condition. This possibil-
ity is examined below.

If an added internal noise is responsible for the observed
effect, then the equivalent internal variance may be estimat-
ed as

o’(int) = o3, — ul?), )

where g, is the relative DL for the noncoincident case and
o, is that for the coincident case. As there is an uncertainty
difference between the two tasks which may also act to in-
crease the DL, a multiplicative term u is also included, repre-
senting the ratio of uncertainty between the noncoincident
and the coincident discrimination tasks. The additive and
multiplicative terms may be estimated from the fitting of a
structural relation (Kendall and Stuart, 1961) to the relation
between o2 and o2. The results of this analysis are given in
Table IV. The best fitting values of u were 1.92 and 1.78 for
observers AF and GS, respectively; both values are signifi-
cantly greater than 1, indicating that frequency uncertainty
probably makes a contribution to the performance differ-
ence. The best-fitting internal noise parameters were 0.0038
and 0.0019, respectively, corresponding to internal limits for
the complex pitch DL of 0.76 and 0.34 Hz, respectively, at
200 Hz. The estimated ofint) arises from both components of
the test signal, and from Eq. (2), Goldstein’s parameter
A(f})/f; contains an average internal contribution of

(b)

08S. Af +

at/f

08S. GS.
;

FIG. 9. Relative DLs as a function of
S/N, from the coincident and non-
coincident component complex signal
discrimination tasks from experi-
ments 3 and 4. The DLs for the 800-
and 1000-Hz signal are shown as filled
circles, and the DLs for the 1000- and
1200-Hz signal as open circles; the rel-
ative DLs from the coincident task are
shown by the filled triangles.
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TABLE IV. Structural relation analysis of dependence of 02 on ¢2. Data

from experiments 1-4.  is the slope parameter, and ofint) the square root of
the intercept of the best fitting straight line. 7 is the correlation between o?

and 7. The ¢ statistic was computed against a theoretical slope of 1 corre-
sponding to no uncertainty effect. A is the variance ratio of & and o7, and
was estimated from the data standard errors.

Observer u r aint) t df P A
AF 1.924  0.964 0.00377 6.87 2 <0.05 400
GS 1.776  0.979 0.00193 837 2 <001 10.0

20%(int), giving ofint;) of 0.0054 and 0.0027 for the two ob-
servers, respectively. These values correspond to an effective
limit to the precision of estimation of frequency of 5.4 and
2.7 Hz, respectively, for a component at 1000 Hz. These
results are consistent with Goldstein’s internal noise as-
sumption, although the estimated noise parameters are
somewhat smaller than those estimated from musical inter-
val identification tasks (Goldstein, 1973; Goldstein et al.,
1978; Houtsma, 1979), which would suggest a component
frequency precision limit of 10 Hz or more at 1000 Hz.

Finally, it is of interest to compare the effects of S/N,
observed here with Houtgast’s (1976) report that a funda-
mental frequency difference was more accurately detected in
alow S/N ratio than in quiet. The present data show that, as
in pure-tone discrimination (e.g., Henning, 1967), pitch dis-
crimination improves as S/N increases. The DLs measured
here at S/N, above 26 dB are between 0.002 and 0.006; this is
considerably less than the relative fundamental frequency
difference of 0.030 employed by Houtgast, and it appears
that Houtgast’s intriguing result does not reflect a limit of
auditory discrimination ability.

IX. CONCLUSIONS

The major finding of the studies reported here is that
pitch discrimination with complex signals depends not only
on the factors affecting the discriminability of simple signals,
but also upon whether observers are able to make compari-
sons between the pitches of components which are common
to a pair of signals. Where comparisons between component
frequencies are impossible, an observer must compare some
second-order percept, such as the residue pitch of the sig-
nals. This result implies that experiments, in which signals
with common components are compared, may not teach us
anything about the perception of residue pitch. In particular,
the DLs reported by Walliser (1969) and Moore et al. (1984)
are probably not DLs for residue pitch, at least where one or
more components can be resolved, and they are probably the
result of statistical summation over cues from several re-
solved components. This study also confirms Goldstein’s
(1973) hypothesis that the precision of residue pitch percep-
tion is limited by internal variability, and refutes the con-
trary claim of Moore et al. (1984), which was based upon
discrimination performance with coincident components.

The present experiments provide a direct estimate of the
proposed variability, whereas previous approaches (Gold-
stein, 1973; Goldstein et al., 1978; Houtsma, 1979) provided
only indirect estimates from parameter fitting. The present
estimates of the internal variability, based on data from sig-
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nals with components between 800 and 1600 Hz, correspond
to a relative standard deviation between 0.0027 and 0.0054,
These estimates are smaller than those made by Goldstein
and his colleagues, but it should be noted that factors such as
frequency uncertainty may act to increase the effective inter-
nal variability; the identification experiments from which
Goldstein’s estimates are derived, by their nature, show
greater frequency uncertainty than the discrimination ex-
periments presented here. Although Goldstein is the only
theorist who has explicitly discussed internal variability, the
generally similar models described by Terhardt (1970, 1974)
and Wightman (1973) could be readily modified to include
this component.

A third finding of the present studies is that where ob-
servers can make pitch comparisons between common com-
ponents, a multiple-band statistical summation model devel-
oped from a similar model for detection (Green, 1958)
provides a good account of the relation between the discri-
minability of frequencies of the individual components and
the discriminability of the pitch of the complex signal. This
confirms the finding reported by Moore et al. (1984) who
employed a somewhat different experimental method.

X. SUMMARY

(1) The results confirm the applicability of a multiple-
band theory to frequency discrimination of complex tones.
The theory applies directly where coincident component fre-
quency comparisons may be made. This confirms the finding
of Moore et al. (1984), but, contrary to their claim, such
discrimination does not depend on the precision of a residue
pitch.

(2) Where coincident frequency comparisons cannot be
made, but residue pitch comparisons may be made, there is
an internal contribution to the variability of pitch precision.
This conclusion is in contradiction with that reached by
Moore et al. (1984), who failed to find evidence for an inter-
nal noise, but only considered a task allowing coincident
frequency comparisons.
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APPENDIX A: A MULTIPLE-BAND MODEL FOR PITCH
DISCRIMINATION
1. A simple model

Consider a conventional 2I2AFC pitch discrimination
task for a complex signal. If ¥ frequency differences of the
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same sign occur simultaneously in N independent critical
bands, an optimal multiple-band probability summation
process may combine the evidence over channels. As Green
(1958) has shown in an analogous detection task, d 7, the

index of the detectability of at least one of the N frequency -

differences is given by

a:=(3a7)"

i=1

(A1)

where d; is the detectability index for the ith component
frequency difference.

Now d | is inversely proportional to the standard devi-
ation of the evidence for a frequency difference, which is the
frequency DL & (f;), and, if the frequencies of all the compo-
nents of a complex signal change in the same direction, the
relative DL for the pitch change of the complex signal
8(f.)/f. must be given by

(i) = 2 ()

which, equating & (£.) with & (f;), gives Eq. (1).

(A2)

2. The effect of frequency uncertainty

There is considerable evidence from auditory detection
studies that multiple-band processes are subject to an effect
of frequency uncertainty (Tanner et al., 1956; Veniar,
1958a,b; Creelman, 1960; Greenberg and Larkin, 1968} and
that frequency uncertainty also affects frequency discrimi-
nation of complex signals comprising temporally spaced
components (Spiegel and Watson, 1981) and discrimination
of complex signals with simultaneous components (Faulk-
ner, 1982). However, Green’s (1958} model does not predict
such an effect, since channels which receive only noise give

! = 0and, hence donot affect d _. It is possible to construct
an alternative multiple-band model in which the decision
statistic is given by

N N 172
d;= _le‘ (xi/(_El az(xi)) ’ (A3)
where x; is the normally distributed evidence variable in the
ith channel, N channels respond to signal + noise, and M-N
channels (M <N ) respond to noise only. This model does pro-
duce an effect of uncertainty, since the inclusion of evidence
from channels with no signal will decrease d ;. However, the
model is non-optimal, and, if different channels have differ-
ent d [s, the overall 4 will be biased towards the smaller
d s, whereas Green’s model will always give 4 which is at
least as large as the largest 4 ;.

Frequency uncertainty effects may be better accounted
for by the addition to Green’s model of the assumption that
observers have limited processing capability which may be
distributed either to maximize sensitivity in a few channels,
or to produce more moderate sensitivity in a larger number
of channels.

APPENDIX B: ANALYSIS OF PSYCHOMETRIC
FUNCTIONS '

Each observed psychometric function was subjected toa
Probit analysis (Finney, 1971), which estimates the normal
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TABLE BI1. Relative DLs and standard errors of estimation for the pitch of
the reference signal used in experiments 2 and 4. )

Observer DL S.E.
AF 0.00181 0.00008
GS 0.00207 0.00006

ogive that best fits the observed function according to a max-
imume-likelihood criterion. It was assumed that the psycho-
metric functions were normal ogives on a linear frequency
difference scale, and this assumption was generally justified
by the good fit of the theoretical curve. The best-fitting nor-
mal ogive is an estimate of the cumulated distribution of
differences assumed to underlie discrimination perfor-
mance. The reciprocal of the standardized slope of the ogive
is then an estimate of the standard deviation of the distribu-
tion of differences o; which is composed of

U¢21=0'.2s'| +0§2, (B1)

where 07, is the variance of an internal representation of the
frequency or pitch of the signal in the ith interval.

In experiments 1 and 3, similar signals were presented in
the two observation intervals, and these may be assumed to
contribute equally to %, so that the DL, which is equivalent

10 g;, may be estimated as o, /y2. In experiments 2 and 4,
the reference and test signals presented in the two observa-
tion intervals differed in their composition and presentation
conditions, and it is unreasonable to assume that 0%, = 0%,.
Hence, the relative DL for the test signal (S 2) is derived by
subtraction of %, from o7, where 0%, was taken as the DL
estimated by the first method above from a 2I2AFC task
with the referencesignal (S 1) presented in both intervals. The
estimates of the relative DL for the reference signal are given
in Table B 1.

Probit analysis allows the computation of standard er-
rors and confidence limits for the estimated DLs based not
only on the theoretical binomial variance, but also on any
additional variability. Error bars based on an interval of 4 1
standard error are included in the graphs illustrating the
estimated DLs. The standard error for the relative DL of the
reference signal is included in Table Bl.

1Zero dB SL was assumed to be roughly constant between 800 and 1400 Hz
(Fletcher and Munson, 1933; Robinson and Dadson, 1956}, and was deter-
mined as the intensity giving 4 = 1 in a 2 interval forced-choice detection
task with a 1-kHz, 100-ms pure tone. Zero dB SL was equivalent to 10dB
SPL for observer AF and 8 dB SPL for observer GS.
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