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A model is offered here to address an asymmetry of cueing in signal detfidtidier et 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 harn(fvoiosthe set X, to 7f;)

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 performgresumably of the limiting noiget each of the
putative levels of representation. @001 Acoustical Society of America.
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I. INTRODUCTION within the appropriate auditory filter which, in turn, means
that he or shé&nowsthe signal’s frequency. If it is unknown,
performance must decline, even for the “ideal observer” of
The peripheral auditory system is generally charactersignal detection theorySDT) (Green and Swets, 1956ue
ized as a bank of bandpass filters called critical bands, ofo the increased probability of large peaks in the noise ap-
auditory filters, whose widths are roughly proportional topearing in wrong, i.e., nonsignal filters. Studies where the
their center frequencies. Because they derive from neurasignal’s frequency has been drawn at random on each trial
mechanical processes in the cochlea, these filters are corfrom a list of M > 1 possibilities have found that the masked
monly thought to be immutable in shape and bandwidththreshold relative, to the case ldf= 1, rises to an asymptotic
However, the possibility of top-down control over theif-  value of 3 to 5 dB for large values & (e.g., Green, 1961;
fectivebandwidths has been discussed in speculations on thechlauch and Hafter, 1991
role of efferent neural connections to the coch(&harf
et al, 1994, 1997, proposed as the basis for interactions
between motivational instructions and the effects of fre-

A. Uncertainty reduces performance

B. Reducing uncertainty with cues

quency uncertainty in signal detecti¢Hafter and Kaplan, The deleterious effects of frequency uncertainty on de-
1976, and observed directly in a study of uncertainty using atection can be reduced or even eliminated by presenting pre-
probe-signaj metho(SCmauch and Hafter, 1991 trial cues that tell the subject what to listen for. The most

Traditional psychoacoustic descriptions of the auditoryeffective such cue is a tone matched in frequency to the
filters have relied upon studies of the detection of pure-tonsignal (e.g., Swets and Sewall, 1961; Hafter and Kaplan,
signals in the presence of noise. An indirect approach inferd976; Johnson and Hafter, 1980; Schlauch and Hafter, 1991;
the bandwidths from so-called “critical ratios” defined as the Dai et al, 1991. While this implies a crucial role for shared
signal level at threshold divided by the spectrum Ielefel/ ~ Phenomenology whereby a cue works because it “sounds
Hz) of a wideband masker, while more direct methods delike” the signal, su'ccessful' reductions of uncertain.ty hqve
scribe “critical bandwidths” in terms of the relation between &/S0 been found with a variety of cues that are not identical
performance and the bandwidths of either band-limitedf© the signal. These include a tone whose frequency relates to
maskers or spectral notches in a wideband maskKer. re- the signal by a small integer ratio such as &le musical

view, see Scharf, 1970; Patterson and Moore, 1986: Moorégrd) (Hafter and Kaplan, 1976or 3/2 (a musical fifth
1997) In all such measures, it is tacitly assumed that the Hafteret al, 1993, a melodic sequence of tones for which

subject monitors and responds only to frequencies fallingn€ Signal is a musically acceptable extension of the melody
Howard et al,, 1984, 1988, a chord made up of harmonic

frequencies whose missing fundamental is the same fre-
dAuthor to whom correspondence should be addressed. Electronic mail.;]uency as the signéHafteret al, 1992, a multi-tonal com-
hafter@socrates.berkeley.edu K ' . .
bNow at: Department of Cognitive Sciences, University of California, Irv- PI€X made up of randomly chosen frequencies, one of which
ine, CA 94720-1650. Electronic mail: kourosh@uci.edu matches the signdSchlauch and Hafter, 1991and even a
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visual cue that describes the frequency of the signal in muacoustic stimulus are represented at multiple LSRs through-
sical notation for subjects who have absolute pitelamon-  out the auditory nervous systefPickles, 1988 for ex-

don and Hafter, 1990 Thus, the “sounds-like” hypothesis ample, tonotopic maps of acoustic frequency have been iden-
must be extended to include comparisons made imtimel’s  tified in regions ranging from cochlea to cortex. While band
ear between similar percepts that arise through different aulimitations found in detection experiments are often said to

ditory mechanisms. result form “cochlear filters,” what is generally meant by
this is that the filtering began in the cochlea and not that the
C. Is “sounds alike” sufficient for cueing? subject’s judgments were based directly on neural activity at

;[fR]e interface of cochlea and auditory nerve. Because it is
. : : _ likely that a neural site simply relays information, one
Lesul:htha_t d||d t?w(')t see(;nt_readn%/ exr;:]amei_d b3|/_ a S(()jufmls'l'keassumes that additional processing at each LSR provides a
ypothesis. In this condition, where the stimull used for Cue%nique version of the original stimulus. By further assuming

and signals shared a common percept, the.|r pitch, re(.juctlotrp]at the decision process in a signal-detection task has access
of the effects of uncertainty was asymmetric, depending Oy many, if not all, of the LSRs, it follows that best perfor-

:jhewl ordr(]er of p;esenta::on. Cf)ne stimulus Waj %E'n%f’ fAMhance requires that the LSRD be the level whose data
omly chosen tone whose frequency was dubbed the present the highest signal-to-noise rd&aN). From this per-

other was a harmonic sequence of eithdn 261, or 3f, spective, the optimal subject must use knowledge of the sig-

—7f,. While a pure tone and a set of its harmonics are quit(-};k,il,S parameters to select both the optimal LSRD and the
different from one another in timbre, a subject asked to ad-

) . o ) appropriate elements within it. This is especially important
just the pitch of a pure tone untll it matches the pitch of a S€for multidimensional signals whose potential LSRDs repre-
of harmonics typically picks the fundamental frequenty) (

. . sent different stimulus dimensions.
of the sequence, even whénpitself is absent from the com-
plex. The common pitch of tones and complexes is thought
to arise t_hrough separate auditory mechgnisms. “The formeg, Formal assumptions of the LSRD model
has traditionally been called @lace pitch in reference to a ) ) ) )
place of maximum displacement in the cochlear excitatiod L) Neurons in LSRs are organized topologically in accord
patten, though analysis of periodic activity in auditory neu-  With their sensitivity to values along a stimulus dimen-
rons shows that information about frequency also exists in ~ S!O"- Thg dimension may be bqsed on a primitive feature
the time-domain, even for tones.” Conversely, the pitch of of the stimulus such as apoustlc fre'quency' or on a more
the latter relies on further analysis of the complex stimulus ~ COMPlex feature that derives from interactions between
based on interactions between its components. Variously Primitives. Examples of the latter include complex pitch
called a “residue,” “periodicity,” or “virtual-pitch” (e.g., and locations in auditory space. y
Schouten, 1940; Licklider, 1956: Terhardt, 1974; Terhard{?) Each neuroninan LSRD is best tuned to a specific value
et al, 1982, it has been the object of a long-standing debate ~ ©f the represented dimension but responds, to some ex-
about its origin. Whether it is derived in the time or fre- (€Nt to nearby values of the dimension falling into its
quency domain is irrelevant to the present discussion and so '€Ceptive field.” Pooled responses from adjacent recep-
we will use the more neutral termpmplexpitch. (Excellent tive fields then determine the effective bandwidth of a
discussions of the mechanisms of pitch can be found in De Masker, providing a kind of filter in the represented di-

Boer, 1976; Houtsma, 1995 mens_ion. . _
As described earlier, Haftet al. (1992 found that a set (3) For signals represented at multiple LSRs, optimal perfor-

of harmonics used as a cue improved detection of a ran- Mmance requires that the LSRD be the level providing the
domly chosen tone set to its missing fundamehtabwever, highest S/N. When signals are represented both by
when those roles were reversed, that is, when randomly cho- Primitive dimensions and by complex interactions be-

senf,’s were used to cue signals that were a sequence of (Ween those primitives, the larger S/N will generally be

their harmonics, there was no improvement due to cueing. found at the higher-order representatior a discus-

We will refer to this dependency on order of presentation as SO see Sec. 1L _ L
an asymmetry in cueing ) For maximum effectiveness in reducing signal uncer-

tainty, a cue should specify, unambiguously, both the
level being used as the LSRD and the correct filter

The present experiment was begun in part because of

Il. AMODEL OF CUEING BASED ON LEVELS OF

STIMULUS REPRESENTATION within that representation.
A. The level of stimulus representation used for
detection or LSRD C. Application of the model to tones and multi-tonal

In seeking to explain the asymmetry of cueing describeotcom'DlexeS without uncertainty

earlier, this model concentrates less on the shared phenom- In the framework of signal detection theogDT)
enology of a “sounds-like” hypothesis than on shared ele-(Green and Swets, 19%6each observation is judged in ac-
ments at the level of stimulus representation or LSR whoseord with the likelihood(\) that it arose from signal-plus-
neural activity serves as the basis for signal detection. Weoise rather than from noise alone. For detection of a single
call this the level of stimulus representation used for detectone of knownfrequency in a background wideband noise,
tion or LSRD. It is well known that various features of an the optimal decision rule is to compute on the basis of
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energy within the single auditory filter centered on the fre-cue of 600 Hz. If treated as part of a complex pitch, it could
quency of the signal. Thus, in terms of the model, the LSRDthought of as the second harmonic of 300 (dm octave, the
used to detect those signals is organized according to frehird harmonic of 200 HZan octave plus a just-fiffhor the
quency. If the frequency of the signal imknown the opti-  fifth harmonic of 120 Hz(two octaves plus a just-major
mal subject must calculate a likelihood for every filter in the third).

LSRD that might contain the signal, and performance must

decline due to the increased probability of high likelihoodsg_ a test of the LSRD model

produced by noise alone in nonsignal filters. ) )
For a multi-tonal signal made up dfknown but unre- While the model offered above would seem to explain

latedfrequencies, the optimal rule is to decide on the basis of'€ @symmetry of cueing with sets of harmonics and their
the product of thel individual likelihood ratios, fundamentals, it arose aspmst hocanalysis _of that result.
5 The present study was planned as a more rigorous test of the
model, restricting comparisons to stimuli more similar to one
A:iﬂl i, (1) another on features not directly addressed in predictions of
o ) ) . ) the model. Here, all stimuli would be three-tone complexes
based on energies in the appropriauditory filters. While  \hose frequencies would be either unrelated to one another,
this rule could also be used for a signal made ug ¢lar-  thys offering no complex pitch for detection, or related by a
monically related frequencies with a known fundamental, an,ommon fundamental. As discussed in Sec. Il D, under con-
alternative decision rule might be to listen for the signal’sjitions of signal uncertainty, the model predicts better per-
complex pitch. In that case, detection would be limited by aormance with harmonic complexes than with the randomly
pitch-masker which both reduced the effectiveness of signalspgsen tones. In line with assumption 4, the cues would also
by adding noise to their individual components and produceq| pe three-tone complexes whose frequencies would be

false pitches through the accidental occurrence of peaks ighosen to ameliorate uncertainty about either the individual
the acoustic noise at harmonics of the signal. In terms of thﬁequencies in the signal, its complex pitch, or both.

LSRD model, detections would be based on neural activity at

an LSRD t.hat is topologically arra}yed agcordmg to complex“l_ PROCEDURE
pitch. Similarly, the extent to which adjacent elements are

pooled at this level would define the effective bandwidth ofA. Stimulus generation

the pitch masker. Unfortunately, without knowing the statis- 1, experiment compared performance across five con-

tics of the putative pitch masker, one cannot say whether giiqons each of which measured the detectability of three-
J-tone harmonic complex \_NltknO\_/vnfrgquenmes quld be  tone complexes. Frequencies in the signals were different on
bet'Fer detected on the basis of thandividual frequencies or every trial, but the levels of the three tones were set to be
on its complex pitch. equally detectable through reference to an empirically de-
rived, equal-detectability functioEDF). This function was
D. Application of the model to multi-tonal complexes found by_measurln_g thresholds for the three subjects at five
with uncertainty frequencies covering the range from 400 to 4725 Hz. A
. ) ) , . . straight line was fitted to these data in dB/Hz to provide an
The situation withJ-tone signals is quite different with 5 5r0ximation to an EDEGreenet al, 1959; Schlauch and
frequency unce_rtalqty. If the mgimdual tones are unrelatedHafter, 1991. When the individual differences between the
the best LSRD is still one organized by frequency, only heregpiects proved to be insignificant, a single, averaged EDF
fche_ o_pt|ma! sta_1t|st|cl'[)\i [Eg. ()], is based on the_] h'gh_ESt was constructed and used throughout the experiment for all
individual likelihoods found across all auditory filters in the subjects. Signals were generated digitally, with a sampling
range of_pos_sible fre_quencies. However, when the _unknowpate of 50 kHz, and played through a locally constructed
frequencies in the signal are known to be harmonically ré- g it p/a converter and a low-pass filter with a cutoff fre-

lated, alpeit with no knowledge of their;, the superior quency of 20 kHz and slope of 48 dB/odErequency De-
strategy is to listen for and respond to the emergence of g-o< Model 901

complex pitch. That is because noise alone can produce a The continuous wideband masker was produced by an
false positive in the pitch domain only if the highest peaks inanalog white-noise generator and filtered only by the fre-
the acoustic noise happen to fall into filters related. by a COMyuency response of the Sté8RY electrostatic headphones.
mon fundamental frequency. Thus, signal uncertainty shoulgts gpectrum was essentially flat across the frequency range
have less of an effect on performance using a LSRD 019 interest. The spectrum level of the noise was 20 dB SPL as

nized by complex pitch than one organized by frequency. determined with a Hewlett-Packat8582A) spectrum ana-
The fourth assumption of the model was proposed tqyzer.

address the asymmetry of cueing described in Sec. | C. Ac-
cording to the model, a missing-fundamental harmonic was
useful cue for detection df;, because it specified the single,
appropriate filter for detection at a LSRD organized by fre- Performance was measured in a two-interval, forced-
quency. Conversely, cueing was ineffective in the reversehoice psychophysicaRIFC) task which presented signals

condition because a single tone does not specify, unambiguwvith equal probability in one of two 300-ms intervals. Times

ously, a single complex pitch. Consider, for example, a tonabetween those two intervals as well as between the cue

%. Psychophysical measurement
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iy ) ] FIG. 1. Time-lines descriptive of five
kinds of trials from the present experi-
RF -
¢ E 6f - {3720 )-( 3720 ) ment. In condition 1, uncued signals
R (3416 )- . were three randomly chosen tor{ese
N 6F F o A si b e text). In condition 2, uncued signals
T 1 ;
= were three harmonics chosen at ran-
> Y3 R M (2800 - - o dom from the set 2,—7f, of a ran-
o w @)™ i
5 6f, - (2400>- -~ - o af | (2480 - ( 2480 ) domly chosenf;. In condition 3, a
2 4t (2100Y random signal as in condition 1 was
E_. IR Sty = 2000 )1 FT ) preceded by a cue matched to it in fre-
: SR I D L S B oo e
2f F (1050} 4 R 2250-(1295 ) ¢ 1 (G200)- - - o 21 G2a0) - (1240) | by a cue matched to it in complex
! of b B i pitch. In condition 5, a harmonic sig-
RI- ' e L 1 ! £, | - J nal as in condition 2 was preceded by
300 ! fi - E a cue matched to it in both frequencies
Signal Signal Cue - Signal Cue  Signal Cue  Signal and pitch.
1 2 5

* CONDITION

(when presentand the first interval were 250 ms. Durations shown in Fig. 1, the three unrelated frequencies are 713,
of the cues and signals were 300 ms, including 10-ms linea2489, and 3856 Hz. We assumed that this condition would
onset and offset ramps. Each trial was terminated by therovide the poorest performance, thus allowing room for im-
subject’s response and followed by visual feedback that idenprovement in conditions with less uncertainty. For this rea-
tified the correct response interval. Proportions of correcton, pretesting was used to pick a signal level that would
responsesP(C)’s, were obtained over blocks of 50 trials. produce especially weak scoresRfC)~0.60, a value well
Each subject ran at least seven blocks of each conditiorbelow theP(C)=0.75 conventionally used to define thresh-
Experimental sessions generally consisted of ten blocks, withld. The EDF so-chosen was anchored at 500 Hz to 33 dB
only a single stimulus condition presented within a block.SPL, corresponding to a signal-energy-to-noise-power ratio
Before each block, a subject was allowed as many practicéE/N,) of 7.7 dB. To reiterate, this EDF was then used for
trials as he or she wished, although such practice trials nevel five conditions.
exceed ten. All conditions were practiced until performance A subject in condition 1 could, of course, adopt a non-
seemed stable before the actual experiment began; at theptimal strategy that ignored the fact that there were three
point, the order of conditions was randomized and each suldienes in the signal and respond to magnitudes of the two or
ject was tested in a different order. Subjects were students awven single largest values iafacross the range of frequen-
the University of California, including one of the authors, cies. In order to see if subjects were doing that, informal tests
KS. All reported normal hearing. Testing was done in awere run during the preexperimental period with signals con-
double-walled, audiometric listening booth. sisting of either one or two randomly chosen t)ePerfor-
mance was lower with only two tones and still lower with
one and, leading us to conclude that subjects in the experi-
ment proper would listen fofat least three tones.

A single EDF was used to set levels of cues and signals
throughout all five conditions of the experiment. Thus, con- . ) .
ditions are compared in units of performance. The five stimu#- Condition 2: Harmonic-complex signals: No cues
lus conditions are described below. In addition, a spectro-  Unlike the case in condition 1, the three tones in these
gramlike depiction of a representative trial from eachsignals bore a simple harmonic relation to one another. At the
condition is shown in Fig. 1. In order to save space, thebeginning of each trial, a fundamental frequendy)(was
figure is not drawn to scale and interstimulus intervals areselected at random from the range 200 to 675 Hz. The next
omitted. Cues, when used, were 6.3 dB higher than the sigsix harmonics of that fundamental {2—7f;) were com-
nals, leaving them weak but clearly audible. To be moreputed and, from these, three were selected at random to be
specific, each component in a cue was 6.3 dB higher than théae signal. Thus, no signal containéd, and the harmonic
level of that same frequency if drawn from the EDF used tonumber of components in the signal differed from ftrial to
generate signals. trial. This procedure ensured a minimum ratio between adja-
cent components in the signal of 1.076). In the example
in Fig. 1, the randomly chosefy is 525 Hz and the ran-

The idea here was to present useful information only atlomly chosen tones in the signal ard ;2(1050 H2, 4f1
an LSRD organized by frequency. To this end, each signal2100 H2, and 7, (3675 H2. While the individual compo-
consisted of three unrelated tones selected at random fromreents were represented by increased energy in the three au-
uniform distribution of frequencies that ranged from 400 toditory filters, just as in condition 1, this signal also presented
4725 Hz, with the sole restriction being that the ratio be-information potentially useful for detection on the basis of its
tween adjacent frequencies must exceed 1.10. In the examptemplex pitch(525 H2. The model predicts higher perfor-

C. Signals and cues

1. Condition 1: Random-complex signals: No cues
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mance based on the complex pitches of these signals than GABLE I. Summaries of the individual scores as well as averages across the

the three frequencies drawn purely at random in condition 1three subjects for the five experimental conditions depicted in Fig. 1. Indi-
vidual performance in proportion corred?(C), as well as means across

subjects.

3. Condition 3: Random-complex signals: Cues

matched to the signal’s frequencies Condition Cues  Signals  Subject 1 Subject 2 Subject 3x°

; C1 Random 0.630 0.597 0571  0.599
Here, the three frequencies were selected purely at ran Py Harmonic 0,702 0.732 0678 0.704

dom, as in condition 1, but now each trial began with a -3 ¢ Random 0.764 0.788 0751 0763
three-tone cue made up of the same three frequencies. The ¢4 P Harmonic  0.827 0.780 0.765  0.791
example in Fig. 1 shows both cues and signals at 1295, 3416, C5 FP  Harmonic  0.893 0.917 0.913  0.908
and 4611 Hz. We call these frequencyFocues because, in
terms of the model, their effectiveness should indicate speci-

fication of the appropriate auditory filters at an LSRD orga-IV. RESULTS

nized by frequency. The prediction here is of performance S )
better than that found in condition 1. Results from the individual subjects as well as the aver-

aged means are shown in Table I. The averaged data are also
plotted in Fig. 2 for visualization. The significance of differ-
4. Condition 4: Harmonic-complex signals: Cues ences between conditions predicted by the model were tested
matched to the signal’s pitch through use of individuak-score tests as described in the

. . i Appendix.
Harmonically related signals here were chosen in the

same way as in condition 2, but each trial now began with aA b ion based | itch
cue intended to remove uncertainty about the signal’s com-" etection based on complex pitc
plex pitch without sharing its elements at a LSR organized  Based on the LSRD, we predicted in Sec. Il D that sub-
by frequency. For this, the cue was a three-tone harmonicalljects should be better at detecting the harmonically related
related complex with the same fundamental as the signal butomplexes in condition 2 than the unrelated complexes of
composed of different harmonic numbers. Thus, after threeondition 1. This prediction, C2C1, proved to be truésee

of the components ,—7f; had been designated as the the Appendix.

signal, the remaining three made up the cue. In the example

in Fig. 1, the randomly chosefy was 400 Hz and the ran-

domly selected components for the signal werg, 2800 B. Cueing at the level of frequency

Hz), 4f, (1600 H2, and 5, (2000 H2. The cue was made
up of the remaining componentsf3(1200 H2, 6f; (2400

Because cues matched in frequency are highly effective
X : for one-tone signals, one would expect a similar improve-
Hz), and 7, (2800 H2. Again, cues were 6.3 dB higher than ment using matched-frequencl) cues with the unrelated

signals. WE.E call th_ese pitch E’rcue_s b_ecause, n ‘_e”'?s of the three-tone signals. This predicted amelioration of frequency
model, their effectiveness would indicate specification of the

appropriate pitch filters at a LSRD organized by complexuncertamty’ C3C1, was confirmedsee the Appendix
pitch. Thus, the prediction is of higher performance than in

condition 2. C. Cueing at the level of complex pitch

Results discussed in Sec. IV A suggest that signals in
5. Condition 5: Harmonic complexes: Cues matched condition 2 were detected on the basis of an emergent prop-
to the signal’s frequencies and pitch erty of the relation between their components, a complex

Signals here were again harmonic complexes chosen as
in conditions 2 and 4. However, the cues were made up of - !-°°
the same three harmonics as the signals. Thus, in the exw=
ample in Fig. 1, both signals and cues werg; 21240 H32,
4f, (2480 H2, and 6 (3720 H2 of the randomly chosefy
(620 H2. We call these “bi-dimensional” cues FP because
they presented information about both the individual fre-
quencies in the signal and its complex pitch. The idea was tc.2
see if these cues could enhance performance by cueing bot §_ 0.60 T 4
the individual frequencies as in conditioraBdthe complex
pitch as in condition 4. If signals at the putative LSRDs were 0.50
limited by independent noise, informational enhancement|[ condition 1 2 3 4 5
produced by the FP cues should be additive. Usig{ as Signols | Rond. | Harm. [ Rond. | Horm. j Harm.
the SDT measure of transmitted informatiéGreen and Cues Some | Other 3] Some
Swets, 1965 the predlctlon would be that the’ for condi- FIG. 2. Mean performance in the five conditions described by Table | and

tion 5 should eqlﬂal the 'r(?Ot'mean'Squms) value of the Fig. 1. Data are shown as the proportion of correct responses, averaged
d’-values found in conditions 3 and 4. across three subjects. Error bars depict the standard error of the means.
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TABLE Il. Data obtained with bi-level cues as well as predicted results for\/, DISCUSSION
condition 5 based on summation of the information conveyed in conditions )
2 and 4[see Eq(1)]. A. Detection based on a complex feature of the

signal

Subject 1 Subject 2 Subject 3

We have argued that the special performance found in
conditions 2, 4, and 5 support the notion that the subjective
decision maker had access to neural data at a neural level
that specifically represents complex pitch. While it is diffi-
cult to point to direct evidence of LSR topologically orga-
pitch. Given this, the model suggests that amelioration ohized by complex pitch, the musical perception of a sequen-
pitch-uncertainty requires use of cues matched in pih tial relation between successive notes, e.g., €, B, D¢,

This prediction, C4C2, was also confirme@ee the Appen-  etc., even with missing-fundamental, harmonic complexes,
dix). would seem to suggest one. Furthermore, while direct physi-
ological results of such an organization have been scarce,
studies of the neural code for amplitude modulation and
complex pitch(e.g., Schreiner and Langner, 1988; Langner
et al, 1997 lend credence to its existence, and one expects

Although successful cueing in condition 4 would seemthat the advent of new brain-imaging techniques will clarify
to indicate thatP cues worked by alleviating uncertainty this important issue in the near future. Interestingly, our pre-
about the complex pitch of the signals, tR€C)’s were not  giction of improved detectability of a complex based on the
much different from those found with frequency-matchedrelation between its tones reflects a more general principle,
cues in condition 3. Thus, one could argue that subjects ifamely that detection of any complex signal under stimulus
condition 4 might have used a knowledge of harmonicity toyncertainty should be better if the judgments are based on

determine the frequency d¢f from the cue and then calcu- the relationship between its primitive components rather than
lated the tones in the signal for detection at an LSRD orgapn an independent analysis of its primitives alone.

nized by frequency. However, this idea was dispelled by re-

sults with the FP cues in condition 5. If one assumes )

independence of the limiting noise at LSRDs organized b)P' Assumptions of the model

frequency and by complex pitch, performance in condition 5 Formal assumptions of the LSRD model were made pur-
measured ird’ should reflect the rms sum of thks found  posefully strong to simplify predictions for the experiments.
with the one-dimensional cues in conditions 3 an4een  While assumptions 1-3 seem well justified by the apparent
and Swets, 1966 In order to test this hypothesiB(C) val-  usefulness of complex pitch as a dimension for detection, the
ues from C3 and C4 were converted dis using Elliot's  assertion in assumption 4 that the shared representation be-
tables(in Swets, 196%tand used to predict performance with tween cue and signal at the LSRD must be unambiguous was

ObtainedP(C) 0.89 0.92 0.91
PredictedP(C) 0.82 0.86 0.84

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

bi-dimensional cuesFP): probably overstated. A softer proposal might say that while
such representation is necessary for maximally effective cue-
drp= VL2 +[dp]2 2 ing, a partial relation between the cue and signal could par-

tially reduce the effects of uncertainty. In support of the

softer view, we point to the condition described in footnote 1,
Predicted values ddgp, converted back int®(C) for com-  where a five-component, missing-fundamental harmonic se-
parisons to the obtained data, are presented in Table Il. Huence improved the detectability of a signal set to its fun-
shows that the obtained values were aCtUa”y Sl|ght|y higheaamentaj frequency’ albeit by not as much as a tone of the
than those predicted from the Combination Of information insame frequency as the SignaL Wh”e performance W|th the
Eq. (2). While hyper-additivity of this type is not predicted mjssing-fundamental cue was significantly higher than with
by classic SDT, one might speculate that the two sources Qg cue at al[P(C)=0.835vs 0.68], it was less than with a
information in the FP cues somehow enhanced each Other§n9|e_tone cue set to the same frequency as the Signa'
effectiveness. For example, knowing the pitch might havg p(c)=0.92] (Hafter and Schlauch, 1989Whether this
helped the listener to focus more precisely on the appropriatas because the multi-tonal cue pointed to additional filters
elements in an LSRD organized by frequency aité versa  sych at subtharmonics of the fundamental or because it pro-
Regardless, by showing that performance was as least @giced a correct but poorly defined representation at the

good as that predicted by additivity of cued performance af SRD organized by frequency, we simply do not know.
the two putative LSRDs, this lends further support to the

hypothesis of independent accessibility to information at
separate LOPs organized by frequency and complex pitcﬁ? .
Seeking statistical support for the independence—of-cueinglc pitch

hypothesis, we compared the case where cues carried both A reviewer of an earlier submission of this arti¢®ar-

the frequencies and the pitch of the signals to the one imwin, 1995 pointed out a potential confound in our method-
which the subjects were cued with pitch alone. In support oblogy that might also have produced an improvement from
independence, C5C4 also proved to be highly significant condition 1 to 2. He noted that while purely random frequen-
(see the Appendjx cies in condition 1 were drawn from a distribution whose

. An alternative explanation for cueing at the level
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upper boundary was 4725, the harmonically related frequertween the timbres of cues and signals. Less problematic, but
cies in condition 2 were drawn from a distribution whosestill of concern, might be differences between them in pitch
trial-by-trial upper limit wasf, of a randomly selected, , or pitch strength, the worst case being the rare occasion
ranging from 1400 to 4725 Hz. Thus, better performance invhen a cue was made up of only even harmonics and the
condition 2 might simply have reflected less frequency unsignal only odd. However, these fears proved to groundless
certainty. Because of this, the second author recruited a newhen the three-tone complexes were presented in noise be-
crew of subjects at the University of Florida to retest thecause at low S/N, the cues and signals sounded remarkably
comparison between conditions 1 and 2 when tones in eaddike in pitch and timbre, despite the differences in harmonic
condition were drawn from the same distributions. To thisnumbers. This is reminiscent of the one-tone residue reported
end, each trial in the revised condition 1 began with theby Houtgast(1976. He presented three-tone harmonic com-
random choice of a separate, range-setting frequengy ( plexes(not includingf;) as standards and asked subjects to
from the same 200 to 675-Hz range used to sefectn detect small changes in tHg of a three-, two- or one-tone
condition 2. Thus, the three unrelated tones for that trial weréest signal whose harmonic numbers differed from those of
drawn at random from the rangefg to 7fg, the same as for the standard. He found that while the task could, to a small
the related harmonically related tones in condition 2. Conextent, be done when the tones were presented in quiet, it
cerns that the reduced uncertainty was fully responsible fowas much easier if they were heard in a background noise.
the results in Fig. 3 were dispelled when threshdfdsm a  Indeed, with noise, subjects reported hearing the pitch of the
tracking procedurefor the new condition 2 were signifi- fundamental in the test signal, even when it had only a single
cantly lower than those for new condition p<0.05). harmonic. While pattern matching models of pit¢bee
Moore, 1997 easily address the commonality of pitch be-
D. Failure to find successful cueing of a fundamental tween cues gnd sig-nals in our condition 4, they do.not speak
frequency by a matched complex pitch in to the similarity of timbres at low S/N. However, this seems
“informational masking” less puzzling if one considers that while only three of the

) i o harmonically related filters from 2, to 7f; received weak
McFadden(1988 did not find what he called “period- {qnes il of the important harmonically related filters, in-

icity cueing” _for the amelioration of “uncertainty” in a case cluding the one af,, were filled with noise. As such, the
where the signal was a pure tone and the cue a four-ongeay tones may be thought of as having acting as seeds,
sequence of its harmonics. However, we do not find th',Shighlighting a specific complex pitch which then recruited
incompatible with the cueing reported here. In McFadden’s,sise-hased energy in all of its first 7 harmonics to produce

study, the masker was a set of six other tones whose frequeggsentially the same noisy pitch and timbre, regardless of the
cies did not relate in a harmonic fashion to the signal. Theyqaqeq frequencies.

were played in a temporal sequence, three before the signal
and three after it. Because the masker tones were chosen
as to not affect the auditory filter centered on the signal, hi
paradigm falls into a class often referred to as informational ~ An important factor not directly addressed by the model
masking, with uncertainty referring to the order of presentadis the role of phenomenology shared by the cue and signal.
tion of the individual tones in the masker. Because WatsorOne could postulate that trial-by-trial feedback led subjects
and Kelly (1981 had shown that masker uncertainty of this to attend to the appropriate elements in the LSRD without
kind depresses performance, McFadd&888 thought that insisting that the cue and signal sounded alike, but it seems
presenting the harmonically related cue during the signal inmore plausible that perceived qualities of the cue should
terval would reduce the effects of uncertainty and thus in-guide the listener both in selection of the appropriate LSRD
crease detection. When this did not turn out to be the case, tend of the best filter in it. Thus, while the simple sounds-like
reasoned that “...one might conclude that periodicity cueinchypothesis of cueing with its emphasis on conscious aware-
does exist for sensory masking but not for informationalness of stimulus features seems insufficient for the asymme-
masking.” We agree. From our perspective, a cue chosen toy of cueing found with a fundamental and its harmonics, it
reduce uncertainty about a signal works by reducing theseems equally clear that phenomenology must play an impor-
number of potential signals to be listened for and hence theant part in focusing the attention on the stimulus dimension
number of filters that must be monitored. Thus, when theo be monitored during search and detection.

masker changes but the signal is always the same, one should

not expect that cueing the signal would have an effect. /| SUMMARY

0
E. Phenomenology and cueing?

An important factor in signal detection is the extent to
which the subject knows what the signal will be. When there
is uncertainty about some property of the signal, it is neces-
The purpose of condition 4 was to see if signals made upary for the subject to monitor more potential filters in the
of harmonic complexes would be successfully cued by theistimulus domain, raising the probability of more false posi-
complex pitch if there were no actual frequencies in com-ives due to peaks in the masker. Typically, uncertainty is
mon. On first listening to these stimuli when setting up thereduced in the laboratory by offering practice trials, postre-
experiment, we worried that cueing at the level of complexsponse feedback, and cueing. The present study concentrates
pitch might be overshadowed by the large differences been the latter, that is, on the effects of presenting sensory cues

E. The effects of differences in timbre between cues
and signals
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that inform the subject what to listen for. In order to stressTABLE Al. Subject-by-subject planned comparisons between conditions
the importance of cueing, there was a high degree of signafe® et of the Appendix

uncertainty, with signals differing from one another on every - qitions

trial. While it seems obvious to say that successful cueing compared Subject 1 Subject 2 Subject 3
must, somehow, elicit an internal representation of the signat CoC1 2 0254 38216 29410

to be detected, this study began in response to an observation ~5_~; ' ) '

- ! A 3.8990 5.5966 5.1237
that a complex cue improved the detection of one of its cs>c2 3.9401 1.4808 25797
primitives, but that use of the primitive as a cue had little or ~ C5>C4 2.5277 5.1497 5.4384

no effect on detection of the complex. The model proposed
to explain this asymmetry notes that complex signals are apt

to be represented at multiple neural sites, some organizé@lated tones was ameliorated by a cue that shared its com-
according to such primitive features as acoustic frequencplex pitch. Finally, in support of the idea of separate and
and others on emergent features, such as complex pitch, d&dependent levels of representation for the two types of de-
rived from interactions between primitives. Based on the artection, randomly chosen harmonic complexes were detected
gument that ideal performance requires that the level oftill better if preceded by cues that matched them both in
stimulus representation used for detection, or LSRD, shoulffequency and in complex pitch.

be the one with the highest S/N, the model predicts that best

performance with a complex signal will occur when it is ACKNOWLEDGMENTS
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weakest in the condition where the three tones bore no rela-
tion to one another, making it necessary to detect them on th
basis of the individual frequencies. Performance improve
when the three tones were related harmonically, providing a The LSRD model suggests three planned comparisons
complex pitch as the basis for detection. Cues chosen to tebased on the argument that complex signals would be more
the final assumption of the model were also three-tone condetectable primitives, C2C1, and the efficacy of the two
plexes. In support of the argument that they must share refypes of cues, C3C1 and C4C2. Separate paired com-
resentation with the signal at the appropriate LSRD, uncerparisons were made for the three subjects based on the mini-
tainty about a signal made up of unrelated tones wasnum number of trials(350 collected for each condition.
ameliorated by a cue that shared its individual frequenciesThat is, for themth subject, az-score of the difference be-
while uncertainty about a signal made up of harmonicallytween conditions Y and X was calculated as

PPENDIX

P(C)(m,y)= P(C)(mx
VIP(C) (my J[1=P(C)(my)] F[P(C)(mx [ 1= P(C) ]

z(m,y,X)= (A1)

Results of these analyses are shown in Table Al. Use of &om the two singly cued conditions. Signals were the same
one-tailed test for the planned comparisons based on prian conditions 2, 4, and 5, each offering the possibility of
theory (Keppel and Zedeck, 198%howed that eight of the detection on the basis of either frequency or complex pitch.
nine P(C)-differences were significan(p&0.05), with the  The ability to use pitch cues with these signals is clearly
worst case being for subject 2 in €£2, where the differ- shown by the comparison G42. If frequency cueing pro-

ence was marginally insignificanp0.07). Indeed, seven vided additional improvement by ameliorating uncertainty
of the nine cases were significantat 0.01, now exempting  about the individual frequencies, one would expect still
subject 1 in C2C1 (p<0.02). higher performance in condition 5. The comparisons of

For condition 5, where both types of cues were preseni¢s=c4 shown in the fourth row of Table Al were significant
the argument that bi-dimensional cues aided independegg, | subjects p<0.01).

processing of stimuli at the two putative LSRDs is strongly
Supported by results in Table II, which show that the amoumHafteret al. (1992 reported a case in which detections of randomly cho-

of transmitted information,d’)? (Green and Swets, 1966  sen, pure tone signals of frequerfgywere tested alone and when preceded
in condition 5 actually exceeded the sum of tilé)¢ values either by a single-tone cue of the same frequency or by sets cues made up
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