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This study investigated binaural detection of tonal targets~500 Hz! using sets of individual masker
waveforms with two different bandwidths. Previous studies of binaural detection with wideband
noise maskers show that responses to individual noise waveforms are correlated between diotic
(N0S0) and dichotic (N0Sp) conditions@Gilkey et al., J. Acoust. Soc. Am.78, 1207–1219~1985!#;
however, results for narrowband maskers are not correlated across interaural configurations@Isabelle
and Colburn, J. Acoust. Soc. Am.89, 352–359~1991!#. This study was designed to allow direct
comparison, in detail, of responses across bandwidths and interaural configurations. Subjects were
tested on a binaural detection task using both narrowband~100-Hz bandwidth! and wideband~100
Hz to 3 kHz! noise maskers that had identical spectral components in the 100-Hz frequency band
surrounding the tone frequency. The results of this study were consistent with the previous studies:
N0S0 and N0Sp responses were more strongly correlated for wideband maskers than for narrowband
maskers. Differences in the results for these two bandwidths suggest that binaural detection is not
determined solely by the masker spectrum within the critical band centered on the target frequency,
but rather that remote frequencies must be included in the analysis and modeling of binaural
detection with wideband maskers. Results across the set of individual noises obtained with the
fixed-level testing were comparable to those obtained with a tracking procedure which was similar
to the procedure used in a companion study of rabbit subjects@Zhenget al., J. Acoust. Soc. Am.111,
346–356~2002!#. © 2002 Acoustical Society of America.@DOI: 10.1121/1.1423929#

PACS numbers: 43.66.Pn, 43.66.Dc@LRB#
is
s
;
ck
n
th
n
, t
rm
g

im
h

sa-
s
o-
cho-
ea-

se
of

een
od.
ion
ed
oss
ults
ch,

hen
ble
ual

dr
R

ele
I. INTRODUCTION

The task of detecting a pure-tone signal in a no
masker has been a critical tool used by psychophysicist
probe the mechanisms of hearing~e.g., Fletcher, 1940
Helmholtz, 1863!. This simple task has been a building blo
of auditory theory, playing a role in the development of co
cepts, such as the critical band filter, and models for
integration of information across time as well as for the fu
damental mechanisms of binaural hearing. Nevertheless
mechanisms with which normal-hearing listeners perfo
this basic task are still not completely understood. Althou
it is often assumed that listeners base their decision on st
lus energy or a closely related statistic, this assumption
repeatedly been shown to conflict with observed data~see,
for example, Gilkey, 1987; Kidd, 1987; Kiddet al., 1989;
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Gilkey and Robinson, 1986; Isabelle and Colburn, 1991; I
belle, 1995; Richardset al., 1991; Richards, 1992; Richard
and Nekrich, 1993!. Moreover, evidence supporting the pr
cessing mechanisms incorporated in the classical psy
physical models are not obvious in recent physiological m
surements~Young and Barta, 1986; Milleret al., 1987; Rees
and Palmer, 1988; Jianget al., 1997a, b; Palmeret al., 1999,
2000!. The limits of our understanding of the tone-in-no
detection task are perhaps most striking in the context
binaural masking experiments, where the relation betw
binaural and monaural processing is still not understo
Classical critical-band based models of binaural interact
fail to predict several significant features of the observ
data, which suggests that integration of information acr
auditory channels must be included to explain the res
~Zwicker and Henning, 1984; van de Par and Kohlraus
1999; Breebaartet al., 2001; Trieurniet and Boucher, 2001!.
The failures of the classical models are even greater w
predicting the results of binaural detection with reproduci
noises, in which the details of responses to a set of individ

ess:
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repeated noise waveforms is investigated~Gilkey et al.,
1985; Isabelle and Colburn, 1991; Isabelle, 1995; Gilk
1990; Colburnet al., 1997!.

This article reports the first experiments in a series
studies that will utilize psychophysical measurements fr
humans, psychophysical measurements from rabbits, ph
ological recordings from the inferior colliculus of rabbit
and computational modeling to explore the processing g
erning tone-in-noise detection. This set of studies is link
by a common set of stimulus manipulations~masker band-
width and interaural signal phase! and by a common set o
reproducible noise maskers, which will allow direct compa
son across studies of psychophysical, physiological,
model responses to individual noise-alone and signal-p
noise waveforms.

This article examines human monaural and binaural
tection for both narrowband and wideband maskers, wh
were generated from the same 25 noise waveforms such
the spectral components in the 100-Hz frequency region
rounding the 500-Hz tone were identical under wideband
narrowband conditions. Most efforts to describe tone-
noise detection have considered only the parameters o
noise process and have ignored the statistics of the partic
noise waveforms presented. In a typical experiment, e
noise waveform is presented only once, and the average
formance across a large number of masker samples is s
ied. Green~1964! used the term ‘‘molar’’ to refer to perfor
mance averaged across the ensemble of masker wavef
in this way. Another method is to consider each stimulus a
predict the subjects’ responses on a trial-by-trial basis. Gr
argued that a complete understanding of tone-in-noise de
tion would allow the experimenter to predict th
‘‘molecular-level’’ performance. In practice, incomple
knowledge of the internal noise of the listener and the
quential dependencies across trials makes trial-by-trial
dictions impractical. Instead, a ‘‘quasi-molecular’’ approa
can be employed, in which a set of reproducible noise wa
forms is presented on multiple trials and the average
sponse to each individual masker is analyzed. Several in
tigators have studied tone-in-noise detection using
approach~e.g., Pfafflin and Mathews, 1966; Ahumada a
Lovell, 1971; Ahumadaet al., 1975; Siegel and Colburn
1983, 1989; Gilkeyet al., 1985; Isabelle and Colburn, 1991
Isabelle, 1995!. In most of these quasi-molecular-level stu
ies, performance is described in terms of the probability o
‘‘target present’’ response in one-interval experiments. Th
one measures the probability of correct detection, or a ‘‘h
(Ph) and probability of a false alarm (Pf) for each sample in
the set of reproducible noises.

Modeling studies have been only moderately succes
at explaining subject performance in reproducible-noise
periments, but they have raised several interesting theore
questions, especially when results are compared across
perimental studies~Gilkey et al., 1985; Isabelle and Colburn
1991; Isabelle, 1995!. To a first approximation, the differ
ences in hit and false-alarm rates across the ensemb
reproducible noises in a monaural or diotic detection t
with wideband maskers~Watson, 1962; Ahumadaet al.,
1975; Gilkey and Robinson, 1986! can be explained by
J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
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sample-to-sample differences in the output of a sim
critical-band-based energy-detector model. Neverthel
energy-based models do not account for a substantial po
of the total variance in subject responses~e.g., Gilkey and
Robinson, 1986!, suggesting that energy at the output of
narrowband filter tuned to the target frequency may cont
ute to, but does not completely determine, the difference
responses observed across samples. Moreover, simple
nipulations of stimulus parameters, such as masker ba
width and the interaural phase of the signal tone, yield res
that are not predictable by energy-related models.

The current study was designed in part to explore
apparent incongruity between studies with different mas
bandwidths, notably the studies of Gilkeyet al. ~1985! and
Isabelle and Colburn~1991!. With a 500-Hz target and wide
band ~100–3000 Hz! maskers, Gilkeyet al. ~1985! found
that the across noise-sample pattern of responses~hit rates
and false-alarm rates! for the diotic (N0S0) condition was
correlated with the pattern for the dichotic (N0Sp) condition,
even though the signal level was 10–15 dB lower for t
dichotic condition. In contrast, with a 500-Hz target and n
rowband~1

3-oct band! maskers, Isabelle and Colburn~1991!
found that hit and false-alarm rates were uncorrelated
tween the N0S0 and N0Sp conditions for two of their three
subjects. In subsequent work, they showed that the acr
sample differences in hit rate with narrowband maskers w
not well predicted by energy-related models, including t
equalization-cancellation~EC! model ~Durlach, 1963! and
cross-correlation models~Isabelle, 1995; Colburnet al.,
1997!. The difference in masker bandwidths used in the t
studies with reproducible noise was hypothesized to be
most likely reason for the discrepancy between these res
~Isabelle and Colburn, 1991!. Yet, if detection is based on
energy in the response of narrow~i.e., critical-band! filters,
then performance for tone-detection tasks with narrowb
and with wideband maskers should be similar. Studies
binaural detection using random~nonreproducible! noise
maskers have also concluded that there are difference
processing strategies between wideband and narrowb
masker conditions, and between N0S0 and N0Sp , especially
for narrowband maskers~e.g., van de Par and Kohlrausc
1999; Breebaartet al., 2001!.

The hypothesis that differences in bandwidth explain
differences in results between studies with reproduci
noises can be tested by using pairs of narrowband and w
band maskers generated such that they are identical in
narrow band around the target frequency~i.e., approximately
a critical band! and differ only outside the frequency range
the narrowband masker. Gilkey~1990! reported preliminary
results comparing wideband and narrowband maskers in
same subjects; unlike Isabelle and Colburn~1991!, Gilkey
found that false-alarm rates were correlated across intera
configurations even with the narrowband maskers~although
less so than with the wideband maskers!. However, some of
the subjects in Gilkey’s study had unusual thresholds un
the narrowband N0Sp condition, which were substantially
higher than those of Isabelle and Colburn’s subjects. S
differently, Gilkey’s subjects had similar thresholds under t
N0S0 and N0Sp conditions, suggesting that they may ha
337Evilsizer et al.: Binaural detection: I. Human
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been using similar strategies under both conditions and
not have taken full advantage of the additional binaural c
available in the N0Sp condition.

The current study consisted of two experiments. T
first experiment tested both diotic (N0S0) and dichotic
(N0Sp) detection of fixed-level tones in narrowband a
wideband noise maskers. In the second experiment, a tr
ing procedure was used to control the signal level. In b
experiments, performance was examined across the
semble of noise samples~molar level! and on a sample-by
sample basis~quasi-molecular level!. Because a companio
study in rabbit~Zhenget al., 2002! used a tracking procedur
to study behavioral performance across noises, it was im
tant to determine whether sample-level data obtained w
two different procedures were comparable.

II. GENERAL METHODS

The subjects were four undergraduate students~three
male and one female! aged 18–20 years with normal hea
ing. None of the subjects had prior experience with audit
experiments. The subjects were tested individually in an I
~Industrial Acoustics Co., Bronx, NY! double-walled sound-
attenuating booth. Both the masker and target stimuli w
generated and combined using TDT~Tucker-Davis Tech-
nologies, Gainesville, FL! programmable equipment and pr
sented to the subject via TDH-39~Telephonics Corp., Farm
ington, NY! headphones.

A. Stimuli

To compare subject performance across masker b
widths, narrowband and wideband noise maskers were
ated with related spectra. Twenty-five independent wideba
reproducible noise maskers were created that had a re
gular spectral envelope with a bandwidth of 100 Hz to
kHz, chosen to be consistent with the wideband mas
bandwidth used in the study by Gilkeyet al. ~1985!. The
narrowband noise samples were obtained by digitally filt
ing the wideband noise samples so that the narrowband
wideband noise samples had identical phase and power s
tra, component-by-component, in the 100-Hz frequen
band, geometrically centered around 500 Hz~452 to 552
Hz!. The narrowband masker was chosen to be similar to
of the narrowband masker employed by Isabelle and Colb
~1991!. The long-term expected spectrum level of both t
wideband and narrowband maskers was 40-dB SPL. Both
500-Hz target and the masker were 300 ms in duration
cluding a 10-ms rise/fall time with a cosine-squared ram

For each bandwidth, the N0S0 and N0Sp stimulus condi-
tions were each presented for approximately the same n
ber of trials. Two different starting phases were studied
the N0S0 condition; half of the N0S0 trials were created by
adding the tone with a 0° starting phase@N0S0(0°)#, and the
other half were created using a 180° starting ph
@N0S0(180°)#. These two starting phases represent
stimulus combinations that make up the N0Sp stimulus; the
results for both starting phases of the N0S0 stimuli are useful
for understanding and modeling the relation between di
and dichotic conditions. Performance in the diotic case va
with the starting phase of the target tone~Gilkey et al., 1985;
338 J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
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Isabelle and Colburn, 1991!. When analyzing the response
to the N0S0 stimuli, 50 target-masker combinations~the two
starting phases for 25 different reproducible noises! were
considered.

B. Experiment 1: Binaural detection with narrowband
and wideband maskers

In experiment 1, responses were collected for detec
of a 500-Hz tone under diotic and dichotic conditions w
the wideband and narrowband sets of reproducible no
maskers.

1. Methods

a. Training. Training consisted of three tasks: a tw
interval two-alternative forced-choice~2I,2AFC! tracking
task with feedback, a one-interval fixed-level task with fee
back, and a one-interval fixed-level task without feedba
Within each task, the interaural configuration and mas
bandwidth varied across sessions according to a balan
Latin square, but were held constant within sessions. Eac
these training tasks used random noise maskers~i.e., not re-
producible noise!.

First, the 2I,2AFC task with feedback was used to fam
iarize the subjects with the listening conditions and to p
vide an initial estimate of each subject’s threshold, wh
was used to determine the initial tone level for subsequ
fixed-level testing. The subject’s task was to decide which
two stimulus intervals containing noise also contained a to
The two-down–one-up tracking procedure estimated
70.7% correct point on the psychometric function~Levitt,
1971!. This procedure used 4-dB steps through the first t
reversals and 2-dB steps for the remainder of the run. Te
15 runs of the 2I,21AFC task were completed; the ex
number of runs depended on the variance of the thresh
estimates. Each run consisted of 100 pairs of stimuli
which each interval of the pair had the same masker wa
form.

Second, a one-interval, fixed-level task with feedba
was employed to familiarize the subject with the task and
determine a signal level for each subject under each co
tion that would lead to a value ofd8 near unity, whered8
5zh2zf , andzh andzf were thez-scores derived from the
overall probability of a hit (Ph) across samples and the ove
all probability of false alarms (Pf) across samples, respe
tively ~MacMillan and Creelman, 1991!. Each run consisted
of 100 trials using random noise at the bandwidth be
tested. The tone levels in this task were13, 11, and21 dB
with respect to the threshold determined by the 2I,21A
tracking task. Two runs at each tone level were completed
each of the bandwidths and interaural configurations be
tested. This sequence was repeated multiple times; le
were adjusted~with 1.0-dB resolution! until performance
was stable andd8 was approximately unity for the interme
diate level tested. Random noise at the bandwidth be
tested was used in all training trials that had feedback
prevent subjects from learning the unique characteristics
the reproducible noises.

Finally, the same one-interval task was repeated with
feedback to determine if the levels estimated from the p
Evilsizer et al.: Binaural detection: I. Human
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TABLE I. Tone level (ES/N0)
1 in dB, d8, and b are shown for each subject, interaural configuration, a

bandwidth~NB: narrowband, 100 Hz geometrically centered around 500 Hz; WB: wideband, 100–3000!.
The x2 andNa values are given for performance across reproducible noise samples for both Ph and Pf. The r
values are Pearson product-moment correlations for the first half of the trials versus the last half of the tr
each subject and condition. All of thex2 values andr values are significant (p,0.01).b

Interaural
configuration BW S Es/N0 d8 b

Ph Pf

x2 N r x2 N r

N0S0 NB S1 11.8 1.14 1.34 1115.0 96 0.88 907.1 96 0.8
S2 11.8 0.98 1.14 1355.7 96 0.83 1397.2 96 0.8
S3 12.8 0.77 1.00 309.0 96 0.60 216.2 96 0.5
S4 12.8 1.32 0.75 498.6 62 0.71 605.4 62 0.5

WB S1 10.8 0.94 1.13 1778.8 96 0.93 932.0 96 0.8
S2 9.8 1.01 1.09 1811.3 80 0.94 1406.4 80 0.8
S3 13.8 1.05 1.01 499.3 64 0.66 200.8 64 0.5
S4 10.8 0.72 0.89 882.8 64 0.84 590.4 64 0.7

N0Sp NB S1 26.2 0.82 0.86 186.6 64 0.72 212.3 64 0.69
S2 3.8 1.07 1.12 224.4 64 0.73 357.4 64 0.9
S3 1.8 0.71 0.97 107.7 88 0.76 93.2 88 0.7
S4 26.2 0.96 0.86 278.4 64 0.71 301.5 64 0.68

WB S1 20.2 1.02 1.08 674.2 96 0.93 659.3 96 0.94
S2 22.2 1.11 1.02 370.1 56 0.87 552.9 56 0.96
S3 4.8 0.80 0.94 133.4 96 0.64 164.3 96 0.6
S4 0.8 0.89 0.90 316.3 64 0.79 342.1 64 0.8

aN is the number of trials per reproducible noise sample. TheN for the N0S0 conditions is a combination of trials
from the two tone phases.

bBecause both of the tone phases are included in the N0S0 condition, there are 50 items; there are 25 items
the N0Sp condition. Therefore, the degrees of freedom in the two conditions are 49 and 24 for N0S0 and N0Sp ,
respectively, for thex2 test; 48 and 23 for N0S0 and N0Sp , respectively, for Pearson’sr.
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chometric function would still yield a value ofd8 near unity
with feedback turned off. If it did not, the tone level wa
again adjusted~with 1-dB resolution! to obtain a value ofd8
that was again near unity.

b. Testing. Four subjects completed a one-interval ton
in-noise detection task for which the subject had to resp
either ‘‘yes, the tone was present’’ or ‘‘no, the tone was n
present.’’ The 500-Hz tone was fixed at a level determined
the training tasks described above. Final analyses were
ducted on results for a single tone level at which stable p
formance with ad8 near unity was maintained over a com
plete set of runs~Table I!.

The bias parameterb was calculated as a measure of t
subject’s tendency toward one response using the expres

b5e20.5(zh
2
2zf

2) ~MacMillan and Creelman, 1991!. A b value
of 1 corresponds to no bias, so that the subject will resp
‘‘tone’’ and ‘‘no tone’’ equally often.b values greater than 1
indicate that the subject responds ‘‘no tone’’ more oftenb
values less than 1 indicate that the subject responds ‘‘to
more often. The experimenter gave the subjects verbal fe
back on the bias of their responses if the value ofb for a
session strayed more than 15% from unity.

Each testing session consisted of four identical sets
trials. Each set began with 20 practice trials with tone stim
at a level 2 dB above the level that resulted in ad8 of unity.
Listeners were given feedback after each of the practice
als. Random noise at the bandwidth being tested was use
these practice trials to prevent subjects from learning
unique characteristics of the reproducible noises. Each
then continued with four runs consisting of 100 trials witho
, Vol. 111, No. 1, Pt. 1, Jan. 2002
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feedback at the tone level chosen during the preliminary t
ing. Twenty-five reproducible noise masker waveforms w
used in testing tone detection in each condition. Within ea
run, each noise sample was randomly presented exactly
times, two times with the tone and two times alone, so t
each run consisted of 100 trials with no feedback. Ea
bandwidth and condition was tested for two to three sessio
which resulted in 56 to 96 trials for each signal-plus-no
and each noise-alone sample in each condition. The inte
ral configurations and noise masker bandwidths were r
domized across sessions using a balanced Latin square

2. Results and discussion

The molar-level results~i.e., averaged across nois
samples! are shown in Table I, including ES/N0 in dB, d8,
andb, for the four combinations of interaural configuratio
~N0S0 and N0Sp! and masker bandwidth~NB: narrowband,
100 Hz bandwidth; WB: wideband, 100–3000 Hz band!. The
other entries in Table I,x2, N, andr-values for hits and false
alarms trials, will be discussed later in this work. Subje
performance was near the targeted levels (d851, b51! in all
cases. Moreover, the performance levels~ES/N0 in dB! are
comparable to those typically observed in molar-level e
periments employing similar stimuli~reviewed in Durlach
and Colburn, 1978!. Because thed8 values were not exactly
one, and psychometric functions were not obtained in t
study, exact values of the MLD cannot be determined. N
ertheless, approximate MLDs from these results range fr
about 9 dB to about 12 dB for the wideband maskers, a
339Evilsizer et al.: Binaural detection: I. Human
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from about 8 dB to about 19 dB for the narrowband maske
Most of these values are compatible with those that h
typically been observed for similar conditions in the liter
ture ~reviewed by Durlach and Colburn, 1978!. However, it
should be noted that the results for subject 2 under the N0Sp

condition are unusual and indicate substantially worse mo
level performance under the narrowband condition than
der the wideband condition~this subject has a relativel
small MLD, about 8 dB, for the narrowband condition!. Al-
though there is no obvious explanation for this anomaly, c
siderable variability across subjects has been reported
performance in binaural detection tasks, particularly for n
row bandwidths~Bernsteinet al., 1998!. In summary, these
molar-level results are representative of those that would
expected in an equivalent experiment that did not emp
reproducible noise maskers.

A summary of the molecular-level data can be seen
Fig. 1, in which the results for each subject under each b
aural presentation mode and each masker bandwidth
shown separately in receiver operating characteristic~ROC!
space. The top three rows of plots are for responses to
rowband stimuli, and the bottom three rows are for wideba
stimuli; each row represents a particular interaural confi
ration. Each plotted character shows the proportion of
(Ph) and the proportion of false alarms (Pf) for a particular
noise sample; each character refers to the same noise sa
in all panels. As can be seen, the characters are distrib
broadly throughout the upper half of ROC space. Thex2

values shown in Table I indicate that in each panel th
across-sample differences in Ph and Pf are significantly
greater than would be expected by chance alone and the
indicate that the subjects’ responses were driven by the p
erties of the individual noise-alone and signal-plus-no
samples. Said differently, some noise-alone and signal-p
noise samples ‘‘sounded’’ more like they contained the tar
tone than others did. For example, Sample O can be see
the upper right-hand corner of most of the panels, imply
that this sample sounded like it contained the target tone
both noise-alone and signal-plus-noise trials under most c
ditions. In contrast, some samples appear below the pos
slope diagonal in some conditions~e.g., sample A for all
subjects in the N0S0 wideband condition with 180° tone
phase!, indicating that the effect of adding the target in the
cases was to reduce the probability of a ‘‘yes’’ response. S
differently, adding the target made the sample sound less
it contained a target. Gilkey~1981! found that these case
with lower values of Ph than Pf tend to occur when the phas
angle of the signal is such that adding the signal to the n
tends to reduce the energy in the noise near 500 Hz. Th
cases occurred in the present study predominantly in the
wideband N0S0 conditions.

The differences in performance on the tone-detect
task across the set of reproducible noises were comparab
those reported in previous studies, based on a compariso
ROC plots~Gilkey et al., 1985; Isabelle and Colburn, 1991!
and x2 values~Isabelle and Colburn, 1991!. Greater differ-
ences in responses across the set of reproducible noise
N0S0 than for N0Sp can be observed in Fig. 1, and are al
reflected in thex2 values in Table I~note that the numbers o
340 J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
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trials for each condition must be taken into account wh
comparingx2 values!. These greater differences in respons
across noise samples for the N0S0 condition were also re-
ported by Isabelle and Colburn~1991! and are consisten
with the greater dependence of detection threshold on ta
phase for the N0S0 condition, which has been reported
previous studies of detection in reproducible noises~Gilkey
et al., 1985; Langhans and Kohlrausch, 1992!. Examining
these data at the quasi-molecular level indicates statistic
significant sample-by-sample differences in subject
sponses that are not, by definition, considered in a m
level analysis. The goal of this series of articles is to utili
these sample-by-sample differences to determine the
cessing that the observer uses to judge the presence o
sence of the target.

a. Comparison of responses across bandwidths. If the
subjects base their judgments only on information within
auditory filter centered at the 500-Hz target frequency, th
the effective stimuli under the wideband and narrowba
conditions are identical. If so, the patterns of responses s
in the panels in the upper half of Fig. 1 should be identica
the corresponding patterns in the lower half of Fig. 1.

To examine this prediction more closely, the correlati
between responses under the narrowband and wideband
ditions is shown in Table II, separately for Ph and Pf, and for
each binaural presentation mode and subject. For the N0S0

condition, the correlations for all of the subjects are sign
cant for Ph; three of the four subjects are significantly corr
lated for Pf and the fourth subject shows positive, but insi
nificant, correlation. These results indicate that subjects
to some degree, using the same information in the wideb
and narrowband maskers~e.g., the information contained in
the critical band centered at the target frequency! to make
their judgments about the presence of the target in the N0S0

condition. However, a measure of the strength of these
relations in the context of the stability of subjects’ perfo
mance can be obtained by comparison to the intra-sub
correlations in Table I. The observed correlations of
sponses for the two bandwidths, while significant, are low
than might be expected based on the correlation betw
each subject’s responses during the first half and second
of the runs~Table I!, which was significantly greater tha
that across the two bandwidths. Tests of significant diff
ences for non-independent correlations were used to com
the across-bandwidth correlation to the first-half–last-h
correlations for N0S0 hits. Fourteen of the 16 resultant com
parisons~2 bandwidths32 halves34 subjects! were signifi-
cant at the 0.05 level. The significantly decreased correla
across bandwidths relative to the first-half–last-half corre
tion implies that information outside the 100-Hz band ce
tered at the signal frequency affects the subject response
the wideband condition. Consistent with this result is Gilk
and Robinson’s~1986! ability to explain more of the sample
dependence with a model that combined seven 50-Hz ba
over a range of frequencies than they could with a sin
frequency band.

For the N0Sp condition, none of the subjects show va
ues of Ph that were significantly correlated across the ban
widths ~Table II!. For two subjects, Pf was significantly cor-
Evilsizer et al.: Binaural detection: I. Human



FIG. 1. Ph vs Pf for each reproducible noise sample~‘‘a’’ through ‘‘y’’ ! for each subject~columns!, bandwidth~top three rows versus bottom three rows!, and
interaural configuration~rows!.
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related across bandwidths, but these correlations w
significantly lower than the comparable correlations betw
each subject’s responses for the first and second halves o
runs ~Table I!. The weak or insignificant correlations acro
J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
re
n
the

the two bandwidths implies that, for all subjects, N0Sp re-
sponses in the wideband condition are influenced by in
mation outside the critical band centered at the signal
quency, thereby lowering the correlation with responses
341Evilsizer et al.: Binaural detection: I. Human
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the narrowband condition. Moreover, the effect
frequencies outside the critical band centered at the si
frequency appears to be substantially greater in the N0Sp

condition than in the N0S0 condition.
These results are compatible with the unpublished

sults presented by Gilkey~1990!, who found significant cor-
relations between values of Pf in wideband and narrowban
N0S0 conditions, but substantially smaller~although still sta-
tistically significant for two out of three subjects! correla-
tions between values of Pf in the wideband and narrowban
N0Sp conditions. The weak relation between wideband a
narrowband responses in the N0Sp condition is also consis
tent with subjective reports about the cues used in the N0Sp

condition for narrowband and wideband stimuli. Specifica
in the narrowband case, the ‘‘width’’ or ‘‘shape’’ of the bin
aural image is generally reported to provide a cue for de
tion; in the wideband case, the strength of the tonelike p
cept is reported to provide a cue for detection. These res
are also consistent with the conclusions of van de Par
Kohlrausch~1999! and Breebaartet al. ~2001! using random
~nonreproducible! noise maskers across a range of ba
widths. However, they concluded that subjects were perfo
ing the task based on a single auditory filter centered at
target frequency in the wideband case, whereas integra
across a number of different auditory filters was used in
narrowband case. The reproducible noise results prese
here provide a means to test specific predictions of this
other models in future modeling studies.

c. Comparison of Responses across Interaural Confi
rations. The potential difference between results for wid
band and narrowband conditions was first indicated w
values of Pf and Ph were compared across interaural config
rations for sets of reproducible narrowband maskers by
belle and Colburn~1991!, who found weak and typically
insignificant correlations, and for wideband maskers
Gilkey et al. ~1985!, who found significant correlations
However, these results were for different subjects and dif
ent reproducible noise samples. The current study allows
comparison within a single experiment. Based on the pre
ous reports, it was expected that performance for N0S0 and
N0Sp conditions would be correlated under the wideba
conditions and uncorrelated under the narrowband co

TABLE II. Correlations between results for the wideband and the narr
band conditions. Pearson product-moment correlations are given for
subject and interaural configuration for both Ph and Pf. df548 (N0S0),
23 (N0Sp) ~see note in caption for Table I!.

Interaural
configuration Subject r (Ph) r (Pf)

N0S0 S1 0.72a 0.66a

S2 0.51a 0.51a

S3 0.43a 0.47a

S4 0.38a 0.22

N0Sp S1 20.06 0.20
S2 0.26 0.48b

S3 20.03 0.47b

S4 0.05 20.08

ap,0.01.
bp,0.05.
342 J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
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tions. Table III shows that the responses of all four subje
were significantly correlated across interaural configurati
with the wideband maskers, which is consistent with Gilk
et al. ~1985!. With the narrowband maskers, the responses
two subjects~S1, S3! were not significantly correlated fo
either signal-plus-noise trials~i.e., Ph! or noise-alone trials
~i.e., Pf!, the responses of one subject~S2! were positively
correlated for both noise-alone and signal-plus-noise tri
and the responses of one subject~S4! were negatively corre-
lated~but only for signal-plus-noise trials!. These results are
consistent with the diversity in response patterns across
jects reported by Isabelle and Colburn~1991! for narrow-
band maskers.~They reported one subject with significa
positive correlations for both hits and false alarms, and t
subjects with negative, but not significant, correlation!
These results suggest either that different processing st
gies are used for different bandwidths or that masker co
ponents outside the critical band have a significant impac
the processing of stimulus components within the criti
band.

d. Comparison of performance across subjects. The
comparisons across bandwidths and interaural configurat
presented above illustrate trends that were generally true
all subjects. For example, the Ph results for the N0S0 condi-
tion were strongly correlated across bandwidths for all s
jects, and the Ph results for the N0Sp condition were not
correlated for any of the subjects

Intersubject correlations are shown in Table IV. The
sponses across reproducible noise maskers were signific
correlated for all pairs of subjects for the N0S0 condition for
all cases, including both hits and false alarms and both
rowband and wideband maskers. N0Sp results were also sig
nificantly correlated for all pairs of subjects for the wideba
maskers, for both hits and false alarms. However, for
narrowband N0Sp condition, only two subjects~S1 and S3!
had significant positively correlated performance; one pai
subjects had a significantly negative correlation for perf
mance on hits, and all other correlations were insignific
for the narrowband N0Sp condition. The degree of variability
in performance across subjects in this study was consis
with that reported for similar tasks by Bernsteinet al. ~1998!.

-
ch
TABLE III. Correlations between results for the two interaural configu
tions, N0S0 and N0Sp . Pearson product-moment correlations are given
each subject and bandwidth. Note: Because the two tone phases were
aged for the N0S0 condition in the comparison to N0Sp , all correlations have
23 degrees of freedom.

Bandwidth Subject r ~Ph! r ~Pf!

NB S1 20.15 0.23
S2 0.80a 0.92a

S3 0.38 0.25
S4 20.50b 20.17

WB S1 0.77a 0.94a

S2 0.75a 0.98a

S3 0.43b 0.71a

S4 0.86a 0.91a

ap,0.01.
bp,0.05.
Evilsizer et al.: Binaural detection: I. Human
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C. Experiment 2: Comparison of tracking and
fixed-level procedures

1. Methods

Experiment 1 was conducted at a fixed-tone level; ho
ever, a companion study~Zheng et al., 2002! used rabbits
that were studied with a tracking procedure. To explore
tential differences in performance that might be related
these different testing procedures, a tracking procedure
used to retest two of the subjects from experiment 1~S1 and
S4!, and the results of the two procedures were compare

TABLE IV. Correlations of responses between subjects. Pearson prod
moment correlations are given for each subject pair under each inter
configuration and bandwidth. df548(N0S0), 23 (N0Sp) ~see note in caption
for Table I!.

Interaural
configuration Bandwidth Subject pair r (Ph) r (Pf)

N0S0 NB S1-S2 0.54a 0.44a

S1-S3 0.45a 0.56a

S1-S4 0.45a 0.31b

S2-S3 0.35b 0.50a

S2-S4 0.55a 0.60a

S3-S4 0.69a 0.61a

WB S1-S2 0.81a 0.63a

S1-S3 0.66a 0.55a

S1-S4 0.82a 0.56a

S2-S3 0.69a 0.58a

S2-S4 0.73a 0.58a

S3-S4 0.71a 0.47a

N0Sp NB S1-S2 20.59a 20.34
S1-S3 0.50b 0.55a

S1-S4 20.05 0.19
S2-S3 20.19 20.09
S2-S4 20.32 20.16
S3-S4 20.18 20.25

WB S1-S2 0.56a 0.69a

S1-S3 0.63a 0.60a

S1-S4 0.68a 0.77a

S2-S3 0.62a 0.54a

S2-S4 0.51a 0.61a

S3-S4 0.62a 0.78a

ap,0.01.
bp,0.05.
J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
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The same one-interval, yes–no task that was used in
fixed-level procedure of experiment 1 was used for the tra
ing procedure here, and the same fixed number of trials w
included in each run. However, the tone-level in each to
plus-noise trial was adjusted by following a two-down
one-up rule~Levitt, 1971!. Tone levels were adjusted base
on the subject’s responses for tone-plus-noise trials only.
each track, 4-dB steps were used until there were two re
sals and then 2-dB steps were used for the remainder o
run. The 70.7% correct detection threshold was calculated
averaging the reversals~after the step-size change! of each
track. Signal trials that were presented at levels between
step above and two steps below the mean reversal level w
used for the reproducible noise analysis, consistent with
analysis used in the companion study~Zhenget al., 2002!.
Subject S1 was tested on narrowband conditions and sub
S4 was tested on wideband conditions.

2. Results and discussion

Table V shows the summary of the data collected fro
these two subjects, which can be compared to their resul
Table I for Experiment 1. With the tracking procedure, su
ject 1 shows a MLD of 16 dB for the narrowband conditio
and subject 4 has a MLD of 12 dB for the wideband con
tion. As can be seen, both molar-level~threshold values of
ES/N0 in dB! and quasi-molecular-level~x2 and correlations
between the first and last halves of the trials! results are
comparable for the two experiments. Subject 1’s thresh
for the N0Sp condition was higher by approximately 3 d
whereas subject 4’s threshold was lower by 2 dB when p
forming the fixed-level experiment. Table VI shows that t
sample-by-sample correlations between experiments 1 a
for both subjects were significant and positive for both h
and false alarms for all four combinations of bandwidth a
interaural configuration. The results from the two testing p
cedures were strongly correlated for both subjects and fo
conditions tested. Although these subjects were all tested
tensively using fixed-level procedures before testing with
tracking procedures, it appears that tracking and fixed-le
procedures yield similar results and that the results of
planned across-species comparisons would not be sub
tially obscured by this difference in procedure.

ct-
ral
es

r each
TABLE V. Experiment 2 results. Tone level (Es /N0) in dB is shown for each subject and condition. The valu
of x2 andNa are given for performance across reproducible noise samples for both Ph and Pf. The r values are
Pearson product-moment correlations for the first half of the trials versus the last half of the trials fo
subject and condition. All of thex2 values andr values are significant (p,0.01).b

Interaural
configuration BW S Es/N0

Ph Pf

x2 N r x2 N r

N0S0 NB S1 12.8 302.1 88 0.62 370.6 160 0.71
N0Sp 23.2 291.6 94 0.91 204.3 160 0.74

N0S0 WB S4 10.8 493.3 70 0.74 448.1 120 0.87
N0Sp 21.2 268.6 98 0.84 730.3 160 0.97

aN is the number of trials per reproducible noise sample. TheN for the N0S0 conditions is a combination of trials
from the two tone phases.

bBecause both tone phases are included in the N0S0 condition, there are 50 items; there are 25 items in the N0Sp

condition. Therefore, the degrees of freedom in the two conditions are 49 and 24 for N0S0 and N0Sp ,
respectively, for thex2 test; 48 and 23 for N0S0 and N0Sp , respectively, for Pearson’sr.
343Evilsizer et al.: Binaural detection: I. Human
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III. GENERAL DISCUSSION

This study tested subjects using a binaural detection
with wideband and narrowband noise maskers that had
same spectral components in the 100-Hz frequency re
surrounding the 500-Hz tone. Comparisons of the results
the two bandwidth conditions reported here indicate that
quencies outside the 100-Hz band centered at the 500
tone influence detection in both the N0S0 and N0Sp condi-
tions. The results are consistent with previous studies
focused on either wideband or narrowband reproduc
noise maskers~e.g., Gilkeyet al., 1985; Isabelle and Col
burn, 1991!.

Comparison of the responses across the N0S0 and N0Sp

conditions for each of the masker bandwidths suggests
diotic and dichotic responses differ significantly due to t
influence of frequencies outside a bandwidth that appro
mates the critical band. Dichotic processing is appare
much more influenced by the presence of frequencies a
from the target frequency. These results provide motivat
to extend models beyond the narrowband mechanisms
have been the focus of binaural detection models to d
~Isabelle, 1995; Colburnet al., 1997; cf. Breebaartet al.,
2001; Trieurniet and Boucher, 2001!.

Future studies in this series will attempt to model the
experimental results. Several challenges for such mode
studies are raised by these results. For example, respo
across subjects generally were not correlated for the narr
band N0Sp condition; therefore, it would not be possible
explain these data with a single model except by chang
parameters from subject to subject. In general, performa
across subjects was more highly correlated for the N0S0 con-
dition than for the N0Sp condition and was more correlate
for the wideband condition than for the narrowband con
tion. The results of these comparisons suggest that subj
listening strategies may change in a complex manner th
influenced by energy outside the critical band. In additi
different strategies for combining information across f
quencies have been suggested by this and other stu
Whereas we conclude that energy outside the critical b
influences detection in the wideband condition, others h
concluded that cross-filter integration predominantly affe
the narrowband condition~e.g., Breebaartet al., 2001!.
These differences can be explored both by detailed mode
of the results across reproducible noise maskers, and
additional experimental studies in which the spectral c
tents are systematically varied both within and outside
critical band.

TABLE VI. Comparison of performance for the fixed-level versus tracki
results. Pearson product-moment correlations between results for the
paradigms are shown.

Bandwidth
Interaural

configuration Subject r (Ph) r (Pf)

NB N0S0 S1 0.79a 0.76a

N0Sp 0.85a 0.84a

WB N0S0 S4 0.84a 0.77a

N0Sp 0.86a 0.91a

ap,0.01.
344 J. Acoust. Soc. Am., Vol. 111, No. 1, Pt. 1, Jan. 2002
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It has been established in detection studies with rab
that differences in detection performance are observed ac
noise samples~Early et al., 2001!. A study of tone detection
in rabbit using narrowband and wideband maskers and u
the interaural configurations of the current study is the to
of the companion article~Zhenget al., 2002!. Similar trends
across bandwidths and interaural configurations were fo
for the rabbits as were found for the human subjects in
current study. Future studies will pursue the problem of
otic and dichotic masking with signal-processing- and phy
ologically based models, and with physiological expe
ments.
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