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A model is offered here to address an asymmetry of cueing in signal detection@Hafteret al. ~1992!#
where the effect of frequency uncertainty on the detection of a randomly chosen tone was
ameliorated by cueing with a sequence of its harmonics, but detection of a randomly chosen
sequence of harmonics was not improved by cueing with their fundamental. The model proposes
that signal detection can be based on various levels of neural representation that, for the case at
hand, refer to levels organized either by frequency or by complex pitch. Experiments offered to test
the model used three-tone complexes for both cues and signals. These stimuli consisted of either
three randomly chosen frequencies or three randomly chosen harmonics~from the set 2f 1 to 7f 1!
of a randomly chosen fundamental. Support for the idea of cueing and detection at different levels
of representation was found in higher performance with uncued detection of harmonic complexes
relative to that found with complexes of unrelated tones and by successful cueing of each type of
information with cues created to remove uncertainty about the relevant information. A final
comparison suggests independence of performance~presumably of the limiting noise! at each of the
putative levels of representation. ©2001 Acoustical Society of America.
@DOI: 10.1121/1.1394220#

PACS numbers: 43.66.Hg, 43.66.Dc, 43.66.Lj, 43.66.Fe@JWH#
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I. INTRODUCTION

A. Uncertainty reduces performance

The peripheral auditory system is generally charac
ized as a bank of bandpass filters called critical bands
auditory filters, whose widths are roughly proportional
their center frequencies. Because they derive from ne
mechanical processes in the cochlea, these filters are c
monly thought to be immutable in shape and bandwid
However, the possibility of top-down control over theiref-
fectivebandwidths has been discussed in speculations on
role of efferent neural connections to the cochlea~Scharf
et al., 1994, 1997!, proposed as the basis for interactio
between motivational instructions and the effects of f
quency uncertainty in signal detection~Hafter and Kaplan,
1976!, and observed directly in a study of uncertainty usin
probe-signal method~Schlauch and Hafter, 1991!.

Traditional psychoacoustic descriptions of the audito
filters have relied upon studies of the detection of pure-t
signals in the presence of noise. An indirect approach in
the bandwidths from so-called ‘‘critical ratios’’ defined as t
signal level at threshold divided by the spectrum level~level/
Hz! of a wideband masker, while more direct methods
scribe ‘‘critical bandwidths’’ in terms of the relation betwee
performance and the bandwidths of either band-limi
maskers or spectral notches in a wideband masker.~For re-
view, see Scharf, 1970; Patterson and Moore, 1986; Mo
1997.! In all such measures, it is tacitly assumed that
subject monitors and responds only to frequencies fal
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within the appropriate auditory filter which, in turn, mea
that he or sheknowsthe signal’s frequency. If it is unknown
performance must decline, even for the ‘‘ideal observer’’
signal detection theory~SDT! ~Green and Swets, 1966! due
to the increased probability of large peaks in the noise
pearing in wrong, i.e., nonsignal filters. Studies where
signal’s frequency has been drawn at random on each
from a list ofM.1 possibilities have found that the maske
threshold relative, to the case ofM51, rises to an asymptotic
value of 3 to 5 dB for large values ofM ~e.g., Green, 1961
Schlauch and Hafter, 1991!.

B. Reducing uncertainty with cues

The deleterious effects of frequency uncertainty on
tection can be reduced or even eliminated by presenting
trial cues that tell the subject what to listen for. The mo
effective such cue is a tone matched in frequency to
signal ~e.g., Swets and Sewall, 1961; Hafter and Kapla
1976; Johnson and Hafter, 1980; Schlauch and Hafter, 19
Dai et al., 1991!. While this implies a crucial role for share
phenomenology whereby a cue works because it ‘‘sou
like’’ the signal, successful reductions of uncertainty ha
also been found with a variety of cues that are not ident
to the signal. These include a tone whose frequency relate
the signal by a small integer ratio such as 5/4~the musical
third! ~Hafter and Kaplan, 1976! or 3/2 ~a musical fifth!
~Hafter et al., 1993!, a melodic sequence of tones for whic
the signal is a musically acceptable extension of the mel
~Howard et al., 1984, 1986!, a chord made up of harmoni
frequencies whose missing fundamental is the same
quency as the signal~Hafteret al., 1992!, a multi-tonal com-
plex made up of randomly chosen frequencies, one of wh
matches the signal~Schlauch and Hafter, 1991!, and even a

il:
1489489/9/$18.00 © 2001 Acoustical Society of America
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visual cue that describes the frequency of the signal in m
sical notation for subjects who have absolute pitch~Plamon-
don and Hafter, 1990!. Thus, the ‘‘sounds-like’’ hypothesis
must be extended to include comparisons made in themind’s
ear between similar percepts that arise through different
ditory mechanisms.

C. Is ‘‘sounds alike’’ sufficient for cueing?

The present experiment was begun in part because
result that did not seem readily explained by a sounds-
hypothesis. In this condition, where the stimuli used for cu
and signals shared a common percept, their pitch, reduc
of the effects of uncertainty was asymmetric, depending
their order of presentation. One stimulus was a single, r
domly chosen tone whose frequency was dubbedf 1 ; the
other was a harmonic sequence of either 2f 1→6 f 1 or 3f 1

→7 f 1 . While a pure tone and a set of its harmonics are qu
different from one another in timbre, a subject asked to
just the pitch of a pure tone until it matches the pitch of a
of harmonics typically picks the fundamental frequency (f 1)
of the sequence, even whenf 1 itself is absent from the com
plex. The common pitch of tones and complexes is thou
to arise through separate auditory mechanisms. ‘‘The for
has traditionally been called aplace pitch in reference to a
place of maximum displacement in the cochlear excitat
patten, though analysis of periodic activity in auditory ne
rons shows that information about frequency also exists
the time-domain, even for tones.’’ Conversely, the pitch
the latter relies on further analysis of the complex stimu
based on interactions between its components. Vario
called a ‘‘residue,’’ ‘‘periodicity,’’ or ‘‘virtual-pitch’’ ~e.g.,
Schouten, 1940; Licklider, 1956; Terhardt, 1974; Terha
et al., 1982!, it has been the object of a long-standing deb
about its origin. Whether it is derived in the time or fr
quency domain is irrelevant to the present discussion an
we will use the more neutral term,complexpitch. ~Excellent
discussions of the mechanisms of pitch can be found in
Boer, 1976; Houtsma, 1995!.

As described earlier, Hafteret al. ~1992! found that a set
of harmonics used as a cue improved detection of a
domly chosen tone set to its missing fundamental.1 However,
when those roles were reversed, that is, when randomly
sen f 1’s were used to cue signals that were a sequenc
their harmonics, there was no improvement due to cue
We will refer to this dependency on order of presentation
an asymmetry in cueing.

II. A MODEL OF CUEING BASED ON LEVELS OF
STIMULUS REPRESENTATION

A. The level of stimulus representation used for
detection or LSRD

In seeking to explain the asymmetry of cueing describ
earlier, this model concentrates less on the shared phen
enology of a ‘‘sounds-like’’ hypothesis than on shared e
ments at the level of stimulus representation or LSR wh
neural activity serves as the basis for signal detection.
call this the level of stimulus representation used for det
tion or LSRD. It is well known that various features of a
1490 J. Acoust. Soc. Am., Vol. 110, No. 3, Pt. 1, Sep. 2001
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acoustic stimulus are represented at multiple LSRs throu
out the auditory nervous system~Pickles, 1988!; for ex-
ample, tonotopic maps of acoustic frequency have been id
tified in regions ranging from cochlea to cortex. While ba
limitations found in detection experiments are often said
result form ‘‘cochlear filters,’’ what is generally meant b
this is that the filtering began in the cochlea and not that
subject’s judgments were based directly on neural activity
the interface of cochlea and auditory nerve. Because i
unlikely that a neural site simply relays information, on
assumes that additional processing at each LSR provid
unique version of the original stimulus. By further assumi
that the decision process in a signal-detection task has ac
to many, if not all, of the LSRs, it follows that best perfo
mance requires that the LSRD be the level whose d
present the highest signal-to-noise ratio~S/N!. From this per-
spective, the optimal subject must use knowledge of the
nal’s parameters to select both the optimal LSRD and
appropriate elements within it. This is especially importa
for multidimensional signals whose potential LSRDs rep
sent different stimulus dimensions.

B. Formal assumptions of the LSRD model

~1! Neurons in LSRs are organized topologically in acco
with their sensitivity to values along a stimulus dime
sion. The dimension may be based on a primitive feat
of the stimulus such as acoustic frequency or on a m
complex feature that derives from interactions betwe
primitives. Examples of the latter include complex pitc
and locations in auditory space.

~2! Each neuron in an LSRD is best tuned to a specific va
of the represented dimension but responds, to some
tent, to nearby values of the dimension falling into
‘‘receptive field.’’ Pooled responses from adjacent rece
tive fields then determine the effective bandwidth of
masker, providing a kind of filter in the represented d
mension.

~3! For signals represented at multiple LSRs, optimal perf
mance requires that the LSRD be the level providing
highest S/N. When signals are represented both
primitive dimensions and by complex interactions b
tween those primitives, the larger S/N will generally b
found at the higher-order representation~for a discus-
sion, see Sec. II C!.

~4! For maximum effectiveness in reducing signal unc
tainty, a cue should specify, unambiguously, both t
level being used as the LSRD and the correct fil
within that representation.

C. Application of the model to tones and multi-tonal
complexes without uncertainty

In the framework of signal detection theory~SDT!
~Green and Swets, 1966!, each observation is judged in ac
cord with the likelihood~l! that it arose from signal-plus
noise rather than from noise alone. For detection of a sin
tone of known frequency in a background wideband nois
the optimal decision rule is to computel on the basis of
E. R. Hafter and K. Saberi: A level of processing model
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energy within the single auditory filter centered on the f
quency of the signal. Thus, in terms of the model, the LS
used to detect those signals is organized according to
quency. If the frequency of the signal isunknown, the opti-
mal subject must calculate a likelihood for every filter in t
LSRD that might contain the signal, and performance m
decline due to the increased probability of high likelihoo
produced by noise alone in nonsignal filters.

For a multi-tonal signal made up ofJ known but unre-
lated frequencies, the optimal rule is to decide on the basi
the product of theJ individual likelihood ratios,

l5)
i 51

J

l i , ~1!

based on energies in the appropriateJ auditory filters. While
this rule could also be used for a signal made up ofJ har-
monically related frequencies with a known fundamental,
alternative decision rule might be to listen for the signa
complex pitch. In that case, detection would be limited b
pitch-masker which both reduced the effectiveness of sig
by adding noise to their individual components and produ
false pitches through the accidental occurrence of peak
the acoustic noise at harmonics of the signal. In terms of
LSRD model, detections would be based on neural activit
an LSRD that is topologically arrayed according to comp
pitch. Similarly, the extent to which adjacent elements
pooled at this level would define the effective bandwidth
the pitch masker. Unfortunately, without knowing the stat
tics of the putative pitch masker, one cannot say wheth
J-tone harmonic complex withknownfrequencies would be
better detected on the basis of theJ individual frequencies or
on its complex pitch.

D. Application of the model to multi-tonal complexes
with uncertainty

The situation withJ-tone signals is quite different with
frequency uncertainty. If the individual tones are unrelat
the best LSRD is still one organized by frequency, only he
the optimal statistic,Pl i @Eq. ~1!#, is based on theJ highest
individual likelihoods found across all auditory filters in th
range of possible frequencies. However, when the unkno
frequencies in the signal are known to be harmonically
lated, albeit with no knowledge of theirf 1 , the superior
strategy is to listen for and respond to the emergence
complex pitch. That is because noise alone can produ
false positive in the pitch domain only if the highest peaks
the acoustic noise happen to fall into filters related by a co
mon fundamental frequency. Thus, signal uncertainty sho
have less of an effect on performance using a LSRD or
nized by complex pitch than one organized by frequency

The fourth assumption of the model was proposed
address the asymmetry of cueing described in Sec. I C.
cording to the model, a missing-fundamental harmonic wa
useful cue for detection off 1 because it specified the singl
appropriate filter for detection at a LSRD organized by f
quency. Conversely, cueing was ineffective in the reve
condition because a single tone does not specify, unamb
ously, a single complex pitch. Consider, for example, a to
J. Acoust. Soc. Am., Vol. 110, No. 3, Pt. 1, Sep. 2001
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cue of 600 Hz. If treated as part of a complex pitch, it cou
thought of as the second harmonic of 300 Hz~an octave!, the
third harmonic of 200 Hz~an octave plus a just-fifth!, or the
fifth harmonic of 120 Hz~two octaves plus a just-majo
third!.

E. A test of the LSRD model

While the model offered above would seem to expla
the asymmetry of cueing with sets of harmonics and th
fundamentals, it arose as apost hocanalysis of that result.
The present study was planned as a more rigorous test o
model, restricting comparisons to stimuli more similar to o
another on features not directly addressed in prediction
the model. Here, all stimuli would be three-tone complex
whose frequencies would be either unrelated to one ano
thus offering no complex pitch for detection, or related by
common fundamental. As discussed in Sec. II D, under c
ditions of signal uncertainty, the model predicts better p
formance with harmonic complexes than with the random
chosen tones. In line with assumption 4, the cues would a
all be three-tone complexes whose frequencies would
chosen to ameliorate uncertainty about either the individ
frequencies in the signal, its complex pitch, or both.

III. PROCEDURE

A. Stimulus generation

The experiment compared performance across five c
ditions, each of which measured the detectability of thr
tone complexes. Frequencies in the signals were differen
every trial, but the levels of the three tones were set to
equally detectable through reference to an empirically
rived, equal-detectability function~EDF!. This function was
found by measuring thresholds for the three subjects at
frequencies covering the range from 400 to 4725 Hz.
straight line was fitted to these data in dB/Hz to provide
approximation to an EDF~Greenet al., 1959; Schlauch and
Hafter, 1991!. When the individual differences between th
subjects proved to be insignificant, a single, averaged E
was constructed and used throughout the experiment fo
subjects. Signals were generated digitally, with a samp
rate of 50 kHz, and played through a locally construct
16-bit D/A converter and a low-pass filter with a cutoff fre
quency of 20 kHz and slope of 48 dB/oct~Frequency De-
vices Model 901!.

The continuous wideband masker was produced by
analog white-noise generator and filtered only by the f
quency response of the Stax~SR5! electrostatic headphones
Its spectrum was essentially flat across the frequency ra
of interest. The spectrum level of the noise was 20 dB SPL
determined with a Hewlett-Packard~3582A! spectrum ana-
lyzer.

B. Psychophysical measurement

Performance was measured in a two-interval, forc
choice psychophysical~2IFC! task which presented signa
with equal probability in one of two 300-ms intervals. Time
between those two intervals as well as between the
1491E. R. Hafter and K. Saberi: A level of processing model
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FIG. 1. Time-lines descriptive of five
kinds of trials from the present experi
ment. In condition 1, uncued signal
were three randomly chosen tones~see
text!. In condition 2, uncued signals
were three harmonics chosen at ra
dom from the set 2f 1→7f 1 of a ran-
domly chosenf 1 . In condition 3, a
random signal as in condition 1 wa
preceded by a cue matched to it in fre
quencies. In condition 4, a harmoni
signal as in condition 2 was precede
by a cue matched to it in complex
pitch. In condition 5, a harmonic sig-
nal as in condition 2 was preceded b
a cue matched to it in both frequencie
and pitch.
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~when present! and the first interval were 250 ms. Duration
of the cues and signals were 300 ms, including 10-ms lin
onset and offset ramps. Each trial was terminated by
subject’s response and followed by visual feedback that id
tified the correct response interval. Proportions of corr
responses,P(C)’s, were obtained over blocks of 50 trial
Each subject ran at least seven blocks of each condit
Experimental sessions generally consisted of ten blocks,
only a single stimulus condition presented within a bloc
Before each block, a subject was allowed as many prac
trials as he or she wished, although such practice trials n
exceed ten. All conditions were practiced until performan
seemed stable before the actual experiment began; at
point, the order of conditions was randomized and each s
ject was tested in a different order. Subjects were studen
the University of California, including one of the author
KS. All reported normal hearing. Testing was done in
double-walled, audiometric listening booth.

C. Signals and cues

A single EDF was used to set levels of cues and sign
throughout all five conditions of the experiment. Thus, co
ditions are compared in units of performance. The five stim
lus conditions are described below. In addition, a spec
gramlike depiction of a representative trial from ea
condition is shown in Fig. 1. In order to save space,
figure is not drawn to scale and interstimulus intervals
omitted. Cues, when used, were 6.3 dB higher than the
nals, leaving them weak but clearly audible. To be m
specific, each component in a cue was 6.3 dB higher than
level of that same frequency if drawn from the EDF used
generate signals.

1. Condition 1: Random-complex signals: No cues

The idea here was to present useful information only
an LSRD organized by frequency. To this end, each sig
consisted of three unrelated tones selected at random fro
uniform distribution of frequencies that ranged from 400
4725 Hz, with the sole restriction being that the ratio b
tween adjacent frequencies must exceed 1.10. In the exa
1492 J. Acoust. Soc. Am., Vol. 110, No. 3, Pt. 1, Sep. 2001
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shown in Fig. 1, the three unrelated frequencies are 7
2489, and 3856 Hz. We assumed that this condition wo
provide the poorest performance, thus allowing room for i
provement in conditions with less uncertainty. For this re
son, pretesting was used to pick a signal level that wo
produce especially weak scores ofP(C);0.60, a value well
below theP(C)50.75 conventionally used to define thres
old. The EDF so-chosen was anchored at 500 Hz to 33
SPL, corresponding to a signal-energy-to-noise-power r
(E/No) of 7.7 dB. To reiterate, this EDF was then used f
all five conditions.

A subject in condition 1 could, of course, adopt a no
optimal strategy that ignored the fact that there were th
tones in the signal and respond to magnitudes of the two
even single largest values ofl across the range of frequen
cies. In order to see if subjects were doing that, informal te
were run during the preexperimental period with signals c
sisting of either one or two randomly chosen tone~s!. Perfor-
mance was lower with only two tones and still lower wi
one and, leading us to conclude that subjects in the exp
ment proper would listen for~at least! three tones.

2. Condition 2: Harmonic-complex signals: No cues

Unlike the case in condition 1, the three tones in the
signals bore a simple harmonic relation to one another. At
beginning of each trial, a fundamental frequency (f 1) was
selected at random from the range 200 to 675 Hz. The n
six harmonics of that fundamental (2f 1→7 f 1) were com-
puted and, from these, three were selected at random t
the signal. Thus, no signal containedf 1 , and the harmonic
number of components in the signal differed from trial
trial. This procedure ensured a minimum ratio between ad
cent components in the signal of 1.17~7/6!. In the example
in Fig. 1, the randomly chosenf 1 is 525 Hz and the ran-
domly chosen tones in the signal are 2f 1 ~1050 Hz!, 4f 1
~2100 Hz!, and 7f 1 ~3675 Hz!. While the individual compo-
nents were represented by increased energy in the three
ditory filters, just as in condition 1, this signal also presen
information potentially useful for detection on the basis of
complex pitch~525 Hz!. The model predicts higher perfor
E. R. Hafter and K. Saberi: A level of processing model
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mance based on the complex pitches of these signals tha
the three frequencies drawn purely at random in condition

3. Condition 3: Random-complex signals: Cues
matched to the signal’s frequencies

Here, the three frequencies were selected purely at
dom, as in condition 1, but now each trial began with
three-tone cue made up of the same three frequencies.
example in Fig. 1 shows both cues and signals at 1295, 3
and 4611 Hz. We call these frequency orF cues because, in
terms of the model, their effectiveness should indicate sp
fication of the appropriate auditory filters at an LSRD org
nized by frequency. The prediction here is of performan
better than that found in condition 1.

4. Condition 4: Harmonic-complex signals: Cues
matched to the signal’s pitch

Harmonically related signals here were chosen in
same way as in condition 2, but each trial now began wit
cue intended to remove uncertainty about the signal’s c
plex pitch without sharing its elements at a LSR organiz
by frequency. For this, the cue was a three-tone harmonic
related complex with the same fundamental as the signa
composed of different harmonic numbers. Thus, after th
of the components 2f 1→7 f 1 had been designated as th
signal, the remaining three made up the cue. In the exam
in Fig. 1, the randomly chosenf 1 was 400 Hz and the ran
domly selected components for the signal were 2f 1 ~800
Hz!, 4f 1 ~1600 Hz!, and 5f 1 ~2000 Hz!. The cue was made
up of the remaining components, 3f 1 ~1200 Hz!, 6f 1 ~2400
Hz!, and 7f 1 ~2800 Hz!. Again, cues were 6.3 dB higher tha
signals. We call these pitch orP cues because, in terms of th
model, their effectiveness would indicate specification of
appropriate pitch filters at a LSRD organized by comp
pitch. Thus, the prediction is of higher performance than
condition 2.

5. Condition 5: Harmonic complexes: Cues matched
to the signal’s frequencies and pitch

Signals here were again harmonic complexes chose
in conditions 2 and 4. However, the cues were made up
the same three harmonics as the signals. Thus, in the
ample in Fig. 1, both signals and cues were 2f 1 ~1240 Hz!,
4 f 1 ~2480 Hz!, and 6f 1 ~3720 Hz! of the randomly chosenf 1

~620 Hz!. We call these ‘‘bi-dimensional’’ cues FP becau
they presented information about both the individual f
quencies in the signal and its complex pitch. The idea wa
see if these cues could enhance performance by cueing
the individual frequencies as in condition 3and the complex
pitch as in condition 4. If signals at the putative LSRDs we
limited by independent noise, informational enhancem
produced by the FP cues should be additive. Using (d8)2 as
the SDT measure of transmitted information~Green and
Swets, 1966!, the prediction would be that thed8 for condi-
tion 5 should equal the root-mean-square~rms! value of the
d8-values found in conditions 3 and 4.
J. Acoust. Soc. Am., Vol. 110, No. 3, Pt. 1, Sep. 2001
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IV. RESULTS

Results from the individual subjects as well as the av
aged means are shown in Table I. The averaged data are
plotted in Fig. 2 for visualization. The significance of diffe
ences between conditions predicted by the model were te
through use of individualz-score tests as described in th
Appendix.

A. Detection based on complex pitch

Based on the LSRD, we predicted in Sec. II D that su
jects should be better at detecting the harmonically rela
complexes in condition 2 than the unrelated complexes
condition 1. This prediction, C2.C1, proved to be true~see
the Appendix!.

B. Cueing at the level of frequency

Because cues matched in frequency are highly effec
for one-tone signals, one would expect a similar improv
ment using matched-frequency~F! cues with the unrelated
three-tone signals. This predicted amelioration of freque
uncertainty, C3.C1, was confirmed~see the Appendix!.

C. Cueing at the level of complex pitch

Results discussed in Sec. IV A suggest that signals
condition 2 were detected on the basis of an emergent p
erty of the relation between their components, a comp

TABLE I. Summaries of the individual scores as well as averages acros
three subjects for the five experimental conditions depicted in Fig. 1. In
vidual performance in proportion correct,P(C), as well as means acros
subjects.

Condition Cues Signals Subject 1 Subject 2 Subject 3x̄

C1 Random 0.630 0.597 0.571 0.59
C2 Harmonic 0.702 0.732 0.678 0.704
C3 F Random 0.764 0.788 0.751 0.76
C4 P Harmonic 0.827 0.780 0.765 0.79
C5 FP Harmonic 0.893 0.917 0.913 0.90

FIG. 2. Mean performance in the five conditions described by Table I
Fig. 1. Data are shown as the proportion of correct responses, aver
across three subjects. Error bars depict the standard error of the mean
1493E. R. Hafter and K. Saberi: A level of processing model
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pitch. Given this, the model suggests that amelioration
pitch-uncertainty requires use of cues matched in pitch~P!.
This prediction, C4.C2, was also confirmed~see the Appen-
dix!.

D. The effect of bi-dimensional cueing at both LSRDs

Although successful cueing in condition 4 would see
to indicate thatP cues worked by alleviating uncertaint
about the complex pitch of the signals, theP(C)’s were not
much different from those found with frequency-match
cues in condition 3. Thus, one could argue that subject
condition 4 might have used a knowledge of harmonicity
determine the frequency off 1 from the cue and then calcu
lated the tones in the signal for detection at an LSRD or
nized by frequency. However, this idea was dispelled by
sults with the FP cues in condition 5. If one assum
independence of the limiting noise at LSRDs organized
frequency and by complex pitch, performance in conditio
measured ind8 should reflect the rms sum of thed’s found
with the one-dimensional cues in conditions 3 and 4~Green
and Swets, 1966!. In order to test this hypothesis,P(C) val-
ues from C3 and C4 were converted tod’s using Elliot’s
tables~in Swets, 1964! and used to predict performance wi
bi-dimensional cues~FP!:

dFP8 5A@dF8 #21@dP8 #2. ~2!

Predicted values ofdFP8 , converted back intoP(C) for com-
parisons to the obtained data, are presented in Table I
shows that the obtained values were actually slightly hig
than those predicted from the combination of information
Eq. ~2!. While hyper-additivity of this type is not predicte
by classic SDT, one might speculate that the two source
information in the FP cues somehow enhanced each oth
effectiveness. For example, knowing the pitch might ha
helped the listener to focus more precisely on the appropr
elements in an LSRD organized by frequency andvice versa.
Regardless, by showing that performance was as leas
good as that predicted by additivity of cued performance
the two putative LSRDs, this lends further support to t
hypothesis of independent accessibility to information
separate LOPs organized by frequency and complex p
Seeking statistical support for the independence-of-cue
hypothesis, we compared the case where cues carried
the frequencies and the pitch of the signals to the one
which the subjects were cued with pitch alone. In suppor
independence, C5.C4 also proved to be highly significan
~see the Appendix!.

TABLE II. Data obtained with bi-level cues as well as predicted results
condition 5 based on summation of the information conveyed in condit
2 and 4@see Eq.~1!#.

Subject 1 Subject 2 Subject 3

ObtainedP(C) 0.89 0.92 0.91
PredictedP(C) 0.82 0.86 0.84
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V. DISCUSSION

A. Detection based on a complex feature of the
signal

We have argued that the special performance found
conditions 2, 4, and 5 support the notion that the subjec
decision maker had access to neural data at a neural
that specifically represents complex pitch. While it is dif
cult to point to direct evidence of LSR topologically org
nized by complex pitch, the musical perception of a sequ
tial relation between successive notes, e.g., C, C], D, D],
etc., even with missing-fundamental, harmonic complex
would seem to suggest one. Furthermore, while direct ph
ological results of such an organization have been sca
studies of the neural code for amplitude modulation a
complex pitch~e.g., Schreiner and Langner, 1988; Langn
et al., 1997! lend credence to its existence, and one expe
that the advent of new brain-imaging techniques will clar
this important issue in the near future. Interestingly, our p
diction of improved detectability of a complex based on t
relation between its tones reflects a more general princi
namely that detection of any complex signal under stimu
uncertainty should be better if the judgments are based
the relationship between its primitive components rather t
on an independent analysis of its primitives alone.

B. Assumptions of the model

Formal assumptions of the LSRD model were made p
posefully strong to simplify predictions for the experimen
While assumptions 1–3 seem well justified by the appar
usefulness of complex pitch as a dimension for detection,
assertion in assumption 4 that the shared representation
tween cue and signal at the LSRD must be unambiguous
probably overstated. A softer proposal might say that wh
such representation is necessary for maximally effective c
ing, a partial relation between the cue and signal could p
tially reduce the effects of uncertainty. In support of t
softer view, we point to the condition described in footnote
where a five-component, missing-fundamental harmonic
quence improved the detectability of a signal set to its fu
damental frequency, albeit by not as much as a tone of
same frequency as the signal. While performance with
missing-fundamental cue was significantly higher than w
no cue at all@P(C)50.835vs 0.68#, it was less than with a
single-tone cue set to the same frequency as the si
@P(C)50.92# ~Hafter and Schlauch, 1989!. Whether this
was because the multi-tonal cue pointed to additional filt
such at subtharmonics of the fundamental or because it
duced a correct but poorly defined representation at
LSRD organized by frequency, we simply do not know.

C. An alternative explanation for cueing at the level
of pitch

A reviewer of an earlier submission of this article~Dar-
win, 1995! pointed out a potential confound in our metho
ology that might also have produced an improvement fr
condition 1 to 2. He noted that while purely random freque
cies in condition 1 were drawn from a distribution who
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upper boundary was 4725, the harmonically related frequ
cies in condition 2 were drawn from a distribution who
trial-by-trial upper limit wasf 7 of a randomly selectedf 1 ,
ranging from 1400 to 4725 Hz. Thus, better performance
condition 2 might simply have reflected less frequency
certainty. Because of this, the second author recruited a
crew of subjects at the University of Florida to retest t
comparison between conditions 1 and 2 when tones in e
condition were drawn from the same distributions. To t
end, each trial in the revised condition 1 began with
random choice of a separate, range-setting frequencyf R)
from the same 200 to 675-Hz range used to selectf 1 in
condition 2. Thus, the three unrelated tones for that trial w
drawn at random from the range 2f R to 7f R , the same as for
the related harmonically related tones in condition 2. C
cerns that the reduced uncertainty was fully responsible
the results in Fig. 3 were dispelled when thresholds~from a
tracking procedure! for the new condition 2 were signifi
cantly lower than those for new condition 1 (p,0.05)2.

D. Failure to find successful cueing of a fundamental
frequency by a matched complex pitch in
‘‘informational masking’’

McFadden~1988! did not find what he called ‘‘period-
icity cueing’’ for the amelioration of ‘‘uncertainty’’ in a case
where the signal was a pure tone and the cue a four-
sequence of its harmonics. However, we do not find t
incompatible with the cueing reported here. In McFadde
study, the masker was a set of six other tones whose freq
cies did not relate in a harmonic fashion to the signal. Th
were played in a temporal sequence, three before the si
and three after it. Because the masker tones were chose
as to not affect the auditory filter centered on the signal,
paradigm falls into a class often referred to as informatio
masking, with uncertainty referring to the order of presen
tion of the individual tones in the masker. Because Wat
and Kelly ~1981! had shown that masker uncertainty of th
kind depresses performance, McFadden~1988! thought that
presenting the harmonically related cue during the signal
terval would reduce the effects of uncertainty and thus
crease detection. When this did not turn out to be the case
reasoned that ‘‘...one might conclude that periodicity cue
does exist for sensory masking but not for information
masking.’’ We agree. From our perspective, a cue chose
reduce uncertainty about a signal works by reducing
number of potential signals to be listened for and hence
number of filters that must be monitored. Thus, when
masker changes but the signal is always the same, one sh
not expect that cueing the signal would have an effect.

E. The effects of differences in timbre between cues
and signals

The purpose of condition 4 was to see if signals made
of harmonic complexes would be successfully cued by th
complex pitch if there were no actual frequencies in co
mon. On first listening to these stimuli when setting up t
experiment, we worried that cueing at the level of comp
pitch might be overshadowed by the large differences
J. Acoust. Soc. Am., Vol. 110, No. 3, Pt. 1, Sep. 2001
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tween the timbres of cues and signals. Less problematic,
still of concern, might be differences between them in pit
or pitch strength, the worst case being the rare occas
when a cue was made up of only even harmonics and
signal only odd. However, these fears proved to ground
when the three-tone complexes were presented in noise
cause at low S/N, the cues and signals sounded remark
alike in pitch and timbre, despite the differences in harmo
numbers. This is reminiscent of the one-tone residue repo
by Houtgast~1976!. He presented three-tone harmonic co
plexes~not including f 1! as standards and asked subjects
detect small changes in thef 1 of a three-, two- or one-tone
test signal whose harmonic numbers differed from those
the standard. He found that while the task could, to a sm
extent, be done when the tones were presented in quie
was much easier if they were heard in a background no
Indeed, with noise, subjects reported hearing the pitch of
fundamental in the test signal, even when it had only a sin
harmonic. While pattern matching models of pitch~see
Moore, 1997! easily address the commonality of pitch b
tween cues and signals in our condition 4, they do not sp
to the similarity of timbres at low S/N. However, this seem
less puzzling if one considers that while only three of t
harmonically related filters from 2f 1 to 7f 1 received weak
tones, all of the important harmonically related filters, i
cluding the one atf 1 , were filled with noise. As such, the
weak tones may be thought of as having acting as se
highlighting a specific complex pitch which then recruite
noise-based energy in all of its first 7 harmonics to produ
essentially the same noisy pitch and timbre, regardless of
seeded frequencies.

F. Phenomenology and cueing?

An important factor not directly addressed by the mod
is the role of phenomenology shared by the cue and sig
One could postulate that trial-by-trial feedback led subje
to attend to the appropriate elements in the LSRD with
insisting that the cue and signal sounded alike, but it see
more plausible that perceived qualities of the cue sho
guide the listener both in selection of the appropriate LS
and of the best filter in it. Thus, while the simple sounds-li
hypothesis of cueing with its emphasis on conscious aw
ness of stimulus features seems insufficient for the asym
try of cueing found with a fundamental and its harmonics
seems equally clear that phenomenology must play an im
tant part in focusing the attention on the stimulus dimens
to be monitored during search and detection.

VI. SUMMARY

An important factor in signal detection is the extent
which the subject knows what the signal will be. When the
is uncertainty about some property of the signal, it is nec
sary for the subject to monitor more potential filters in t
stimulus domain, raising the probability of more false po
tives due to peaks in the masker. Typically, uncertainty
reduced in the laboratory by offering practice trials, post
sponse feedback, and cueing. The present study concen
on the latter, that is, on the effects of presenting sensory c
1495E. R. Hafter and K. Saberi: A level of processing model



s
n
r
in
n
at
it
o

se
a
iz
nc
, d
a
o

u
e

is
th

c

th
tri
ul
a

el
t
e
g
te

om
re
e
a

ie
ll

om-
nd
de-
cted

in

S,
ers,
nd
er-
ick
nis

ons
ore

-
ini-

.
-

ons
that inform the subject what to listen for. In order to stre
the importance of cueing, there was a high degree of sig
uncertainty, with signals differing from one another on eve
trial. While it seems obvious to say that successful cue
must, somehow, elicit an internal representation of the sig
to be detected, this study began in response to an observ
that a complex cue improved the detection of one of
primitives, but that use of the primitive as a cue had little
no effect on detection of the complex. The model propo
to explain this asymmetry notes that complex signals are
to be represented at multiple neural sites, some organ
according to such primitive features as acoustic freque
and others on emergent features, such as complex pitch
rived from interactions between primitives. Based on the
gument that ideal performance requires that the level
stimulus representation used for detection, or LSRD, sho
be the one with the highest S/N, the model predicts that b
performance with a complex signal will occur when it
detected on the basis of its complex feature. Finally,
model assumes that successful cueing requires that the
and signal share unique neural elements at the LSRD.

Tests of the LSRD model offered here used signals
were three-tone complexes chosen at random for each
In support of the assumption that complex features wo
provide a higher S/N than primitive ones, performance w
weakest in the condition where the three tones bore no r
tion to one another, making it necessary to detect them on
basis of the individual frequencies. Performance improv
when the three tones were related harmonically, providin
complex pitch as the basis for detection. Cues chosen to
the final assumption of the model were also three-tone c
plexes. In support of the argument that they must share
resentation with the signal at the appropriate LSRD, unc
tainty about a signal made up of unrelated tones w
ameliorated by a cue that shared its individual frequenc
while uncertainty about a signal made up of harmonica
of
ri

en
de
ly

un

1496 J. Acoust. Soc. Am., Vol. 110, No. 3, Pt. 1, Sep. 2001
s
al
y
g
al
ion
s
r
d
pt
ed
y
e-

r-
f

ld
st

e
ue

at
al.
d
s
a-
he
d
a
st
-

p-
r-
s
s,
y

related tones was ameliorated by a cue that shared its c
plex pitch. Finally, in support of the idea of separate a
independent levels of representation for the two types of
tection, randomly chosen harmonic complexes were dete
still better if preceded by cues that matched them both
frequency and in complex pitch.
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APPENDIX

The LSRD model suggests three planned comparis
based on the argument that complex signals would be m
detectable primitives, C2.C1, and the efficacy of the two
types of cues, C3.C1 and C4.C2. Separate paired com
parisons were made for the three subjects based on the m
mum number of trials~350! collected for each condition
That is, for themth subject, az-score of the difference be
tween conditions Y and X was calculated as

TABLE AI. Subject-by-subject planned comparisons between conditi
~see text of the Appendix!.

Conditions
compared Subject 1 Subject 2 Subject 3

C2.C1 2.0254 3.8216 2.9410
C3.C1 3.8990 5.5966 5.1237
C4.C2 3.9401 1.4808 2.5797
C5.C4 2.5277 5.1497 5.4384
z~m,y,x!5
P~C!~m,y!2P~C!~m,x!

A@P~C!~m,y!#@12P~C!~m,y!#1@P~C!~m,x!#@12P~C!~m,x!#
. ~A1!
me
of
ch.
rly

ty
till
of
t

o-
ed
de up
Results of these analyses are shown in Table AI. Use
one-tailed test for the planned comparisons based on p
theory ~Keppel and Zedeck, 1989! showed that eight of the
nine P(C)-differences were significant (p,0.05), with the
worst case being for subject 2 in C4.C2, where the differ-
ence was marginally insignificant (p,0.07). Indeed, seven
of the nine cases were significant atp,0.01, now exempting
subject 1 in C2.C1 (p,0.02).

For condition 5, where both types of cues were pres
the argument that bi-dimensional cues aided indepen
processing of stimuli at the two putative LSRDs is strong
supported by results in Table II, which show that the amo
of transmitted information, (d8)2 ~Green and Swets, 1966!,
in condition 5 actually exceeded the sum of the (d8)2 values
a
or

t,
nt

t

from the two singly cued conditions. Signals were the sa
in conditions 2, 4, and 5, each offering the possibility
detection on the basis of either frequency or complex pit
The ability to use pitch cues with these signals is clea
shown by the comparison C4.C2. If frequency cueing pro-
vided additional improvement by ameliorating uncertain
about the individual frequencies, one would expect s
higher performance in condition 5. The comparisons
C5.C4 shown in the fourth row of Table AI were significan
for all subjects (p,0.01).

1Hafter et al. ~1992! reported a case in which detections of randomly ch
sen, pure tone signals of frequencyf 1 were tested alone and when preced
either by a single-tone cue of the same frequency or by sets cues ma
E. R. Hafter and K. Saberi: A level of processing model



.6
al

it
ate
e-
-

lat

m

-

-

m

ty.
-

,
el
o

A,

,’’

rc

. B
er

,’’

:

s

cor-

r-
ncy,’’

,’’ J.

.

r

c.

rs

n

.

st.
of five harmonics 2f 1→6f 1 or 3f 1→7f 1 of the signal. The proportion of
correctly identified signals in a two-alternative, forced choice task was 0
with no cueing, 0.92 with a same-frequency cue, and an in-between v
of 0.835 with the complex cue.

2As noted in Sec. V C, conditions 1–4 were repeated using the same lim
range of frequencies for randomly drawn frequencies harmonically rel
signals. Data from three subjects were collected using a two-down, on
tracking procedure~16 reversals! to produce four to eight tracks per sub
ject. Thresholds obtained in that way are not directly comparable toP(C)
values in the main experiment, but the same basic effect accrued. Re
to the case with purely random tones~condition 1!, the average threshold
for harmonically related tones~condition 2! was 20.66 dB; for random
tones cued by the same frequencies~condition 3! it was 22.28 dB; for
harmonically related signals cued by the other three harmonics~condition
4! it was 4.05 dB.
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