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This study examined contributions of peripheral excitation and informational masking to the
variability in masking effectiveness observed across samples of multi-tonal maskers. Detection
thresholds were measured for a 1000-Hz signal presented simultaneously with each of 25, four-tone
masker samples. Using a two-interval, forced-choice adaptive task, thresholds were measured with
each sample fixed throughout trial blocks for ten listeners. Average thresholds differed by as much
as 26 dB across samples. An excitation-based model of partial loudness �Moore, B. C. J. et al.
�1997�. J. Audio Eng. Soc. 45, 224–237� was used to predict thresholds. These predictions
accounted for a significant portion of variance in the data of several listeners, but no relation
between the model and data was observed for many listeners. Moreover, substantial individual
differences, on the order of 41 dB, were observed for some maskers. The largest individual
differences were found for maskers predicted to produce minimal excitation-based masking. In
subsequent conditions, one of five maskers was randomly presented in each interval. The difference
in performance for samples with low versus high predicted thresholds was reduced in random
compared to fixed conditions. These findings are consistent with a trading relation whereby
informational masking is largest for conditions in which excitation-based masking is smallest.
© 2010 Acoustical Society of America. �DOI: 10.1121/1.3298588�
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I. INTRODUCTION

Studies of simultaneous masking have shown large det-
rimental effects of masker-frequency uncertainty, often cre-
ated by randomizing the frequency content of a multi-tonal
masker each time it is presented �e.g., Watson et al., 1975;
Neff and Green, 1987; Kidd et al., 1994; Oh and Lutfi, 1998;
Alexander and Lutfi, 2004; Richards and Neff, 2004;
Durlach et al., 2005�. For example, simultaneous-masking
studies with fixed-frequency sinusoidal signals and random-
frequency multi-tonal maskers have reported as much as 50
dB of masking for trained listeners �e.g., Neff and Green,
1987�. The “informational” masking produced by varying the
spectral content of the masker can be observed even when
the frequency components that comprise the masker are re-
stricted from falling within a presumed auditory filter cen-
tered on the signal. The use of a “protected region” centered
on the signal frequency is intended to reduce the potential
contributions of peripheral �i.e., energetic� masking. Thus,
whereas energetic masking is believed to reflect interactions
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between the signal and masker at the auditory periphery, in-
formational masking is believed to reflect interactions occur-
ring within the central auditory system.

The processes underlying informational masking are in-
completely understood and may well vary across stimuli,
tasks, and listeners. One potential contributor to informa-
tional masking is a failure of sound source segregation �e.g.,
Bregman, 1990�—the process by which acoustic components
are identified as coming from one or more sources. Evidence
for this comes from reports of significant reductions in infor-
mational masking when cues that promote sound source seg-
regation are introduced �e.g., Kidd et al., 1994; Neff, 1995;
Richards and Neff, 2004�. Manipulations that decrease the
similarity of the target relative to the masker can also yield
substantial release from informational masking �e.g., Kidd et
al., 2002; Durlach et al., 2003�. Note that many cues be-
lieved to affect sound source segregation also influence
target-masker similarity. Another related mechanism which
likely contributes to informational masking is selective audi-
tory attention—the ability to attend to a relevant target sound
and ignore irrelevant, interfering sounds. Results from early
studies of informational masking �e.g., Watson et al., 1976;
Spiegel et al., 1981; Neff and Green, 1987� were interpreted
as indicating that listeners were not able to attend only to
information in the signal frequency region. Consistent with

this explanation, Lutfi and colleagues �e.g., Lutfi, 1993; Lutfi
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et al., 2003, Alexander and Lutfi, 2004� modeled informa-
tional masking in terms of the number and frequency range
of auditory filters monitored when a listener is asked to de-
tect a tonal signal at a fixed frequency in the presence of a
random-frequency, multi-tonal masker. In that approach, data
with little evidence of informational masking were modeled
as resulting from a highly frequency-selective process, char-
acterized in terms of a very narrow attentional filter. On the
other hand, data with evidence of extensive informational
masking were modeled as resulting from a combination of
auditory filter outputs, characterized in terms of a wide at-
tentional filter.

Interpreting effects of masker-frequency uncertainty is
complicated by the observation of large within- and between-
subjects variability in performance for multi-tonal masking
conditions, even when the degree of masker-spectral uncer-
tainty is modest �e.g., Neff and Callaghan, 1988; Neff and
Dethlefs, 1995; Wright and Saberi, 1999; Alexander and
Lutfi, 2004; Richards and Neff, 2004; Durlach et al., 2005�.
Several studies have shown that thresholds in conditions
with little or no masker-frequency uncertainty �e.g., masker
samples fixed across intervals of each trial or across the en-
tire block of trials� are often considerably higher than the
absolute threshold for the signal in quiet �e.g., Neff and Cal-
laghan, 1988; Neff and Dethlefs, 1995; Wright and Saberi,
1999; Alexander and Lutfi, 2004; Richards and Neff, 2004;
Durlach et al., 2005�. Moreover, multi-tonal masker samples
can differ widely in masking effectiveness when particular
samples are selected at random from the pool of samples
used for testing with minimal uncertainty �e.g., Neff and Cal-
laghan, 1987; Wright and Saberi, 1999�. For example,
Wright and Saberi �1999� measured detection threshold for a
1000-Hz pure tone in the presence of a ten-tone masker; they
found a range of more than 20 dB in average threshold
across the ten masker samples tested. Differences in periph-
eral excitation patterns across the masker samples may be
responsible for the substantial variability in masked thresh-
old observed within a given subject.

In contrast to differences in performance within a lis-
tener, individual differences in susceptibility to informational
masking appear to play a role in the substantial between-
subjects variability in masked threshold observed for a fixed
masker sample �e.g., Neff and Callaghan, 1987; Alexander
and Lutfi, 2004; Durlach et al., 2005�. For example, Alex-
ander and Lutfi �2004� reported thresholds ranging from 15-
to 52 dB sound pressure level �SPL� across 16 normal-
hearing listeners asked to detect a 2000-Hz pure tone in the
presence of a ten-tone, fixed-frequency, simultaneous
masker. Alexander and Lutfi �2004� noted that this variability
in performance was inconsistent with expectations based on
excitation-based masking and suggested that some listeners
may have had difficulty perceptually segregating the signal
from the masker even in the absence of stimulus uncertainty.
Similarly, Durlach et al. �2005� reported average thresholds
for a 1000-Hz signal ranging from 33 to 48 dB SPL across
ten listeners in the presence of an eight-tone, fixed-
frequency, simultaneous masker. Although individual differ-
ences do not in themselves indicate informational masking,

the magnitude of these differences contrasts sharply with the
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well-established stability across listeners of thresholds in
broadband noise and suggests non-peripheral contributions
elevating thresholds for at least the poorer performers.

The current study examined the degree to which differ-
ences in both excitation-based and informational masking
contribute to the differences in masking observed across
multi-tonal masker samples and across listeners. In the first
set of Fixed conditions, thresholds were measured for a
1000-Hz signal presented simultaneously with each of 25
different four-tone masker samples. The model of partial
loudness from Moore et al. �1997� was used to estimate the
contribution of peripheral, excitation-based masking to
thresholds observed across masker samples. The relative
contributions of excitation-based and informational masking
to performance for conditions with high masker-spectral un-
certainty were examined in a subsequent set of Random con-
ditions, in which one of five masker samples was selected at
random for each interval throughout a block of trials. Perfor-
mance was compared across two random conditions: one in
which the five masker samples were those with the smallest
estimates of excitation-based masking, and one in which the
five samples were those with the largest estimates of
excitation-based masking.

II. METHOD

A. Listeners

Ten adults �19–37 years� with normal-hearing sensitivity
participated in all conditions, including authors LL �L5� and
JH �L121�. All listeners had air-conduction thresholds less
than 20 dB hearing level �HL� �re: ANSI, 2004� at octave
frequencies from 250 to 8000 Hz and reported no known
history of chronic ear disease. None of the listeners had more
than 2 years of musical training, with the exception of author
JH �L121� who is a trained musician.

All listeners had previously participated in similar psy-
choacoustic experiments using multi-tonal maskers. Al-
though few studies have systematically examined training
effects for these conditions, the available data suggest that
some individual listeners may improve over time �Neff and
Callaghan, 1988; Neff and Dethlefs, 1995�. The rationale for
including listeners with previous experience using similar
multi-tonal maskers is that evidence of training effects ap-
pears to be limited to approximately the first 600 trials �Neff
and Callaghan, 1988�.

B. Stimuli and conditions

The signal was a 300-ms, 1000-Hz sinusoid, including
5-ms onset/offset ramps �raised cosine�. Twenty-five masker
samples were randomly generated prior to the experiment
and stored to disk. The same 25 masker samples were used
for all listeners. Maskers were multi-tonal complexes with
four sinusoidal components, presented simultaneously with
the signal �when present� for 300 ms. Masker frequencies
were drawn randomly from a uniform distribution on a linear
frequency scale with a range of 300–3000 Hz, excluding
920–1080 Hz. The frequency range from 920 to 1080 Hz
extends beyond the equivalent rectangular bandwidth cen-

tered on 1000 Hz �Glasberg and Moore, 1990�. Masker start-
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ing phases were drawn from a uniform distribution with a
range of 0–2�. Each masker tone was equal amplitude, and
the four-tone complex was presented at an overall level of 60
dB SPL �54 dB SPL per component�. Table I shows the four
frequencies that comprised each masker sample. The column
on the right-hand side lists the corresponding Moore et al.
�1997� model threshold predictions.

Stimuli were digitally summed and played through a 24-
bit digital-to-analog converter �Digital Audio Labs, Chanhas-
sen, MN� at a sampling rate of 20 kHz. Stimuli were pre-
sented monaurally to the listener’s left ear via Sennheiser
HD-25 earphones. The presentation of stimuli was controlled
by a computer using custom software.

In Fixed conditions, a single masker sample was used on
every presentation throughout a block of trials. All 25
samples were tested in separate conditions without any
masker randomization. In two Random conditions, the
masker presented in each interval was randomly selected
with replacement from a subset of five masker samples. In
the RanLow condition, the five samples with the lowest pre-
dicted thresholds comprised the pool of randomly selected
maskers. In the RanHigh condition, the five samples with the
highest predicted thresholds were used. Masker samples used
in the RanLow and RanHigh conditions are indicated by the

TABLE I. Component frequencies �Hz� and predicted masked thresholds
�dB SPL� for the 25 masker samples based on Moore et al. �1997�, ordered
from lowest to highest predicted threshold. The subscripts indicate samples
used in the RanLow and RanHigh conditions.

Masker
sample

Masker components �Hz�
Predicted
threshold
�dB SPL�

Frequency
1

Frequency
2

Frequency
3

Frequency
4

16low 311 1758 2246 2805 6.3
11low 447 1870 2276 2716 6.3
12low 308 411 1638 2350 6.3
24low 512 521 1914 2430 8.2
7low 464 468 605 1443 12.8

9 585 659 1372 1973 19.9
17 491 627 1320 2737 19.4
6 314 719 1440 2067 23.1

20 309 372 726 1446 23.7
4 413 474 479 1205 25.3
3 772 2348 2478 2586 27.4

21 312 343 465 1159 29.4
14 505 1140 1311 1728 32.1
25 448 826 2094 2961 32.6
18 489 826 1447 2573 33.6
8 717 1177 2142 2173 34.1

22 364 677 830 854 37.6
2 835 1236 1858 1989 37.7

19 704 1128 1214 1279 38.1
10 704 1110 1513 2069 39.4

5high 787 836 877 2564 39.4
23high 396 847 903 1560 41.3
13high 348 884 1148 2920 44.1
1high 511 919 1213 2675 44.8
15high 344 867 1109 1868 45.0
subscripts “low” and “high” in Table I, respectively.
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C. Procedure

Thresholds were measured using a two-interval, forced-
choice adaptive procedure that estimated 70.7% correct on
the psychometric function �Levitt, 1971�. The signal oc-
curred in either interval with equal a priori probability. Each
trial consisted of two, 300-ms observation intervals separated
by a 400-ms interstimulus interval. A 300-ms feedback inter-
val followed the listener’s response, visually indicating the
interval that contained the signal. The starting level of the
adaptive track was 10–15 dB above the expected threshold.
The initial step size was 4 dB, followed by a step size of 2
dB after the second reversal. Testing continued until ten re-
versals were obtained, and threshold was computed as the
average signal level at the last eight reversals.

Listeners were tested individually in a double-walled,
sound-treated room �Industrial Acoustics, Bronx, NY� in 1-h
sessions that included regular breaks. An average of seven
sessions per listener was required to complete the conditions.
Four threshold estimates were obtained for each listener and
condition. Listeners completed testing for the Fixed condi-
tions prior to data collection for the Random conditions. For
both Fixed and Random conditions, a complete randomized
set of conditions was tested before moving to the next rep-
etition of the conditions. Conditions were independently ran-
domized for each listener. Data reported include threshold
averages and estimates of the standard error �SE� across the
four replications per condition.

III. RESULTS

A. Predicted thresholds using the Moore et al. „1997…
excitation-based model of partial loudness

Thresholds in quiet for the 1000-Hz signal ranged from
�7 to 17 dB SPL across listeners �average=2.9�. Threshold
for the 1000-Hz tone in the presence of each of the 25
masker samples was predicted using an excitation-based
model of partial loudness �Moore et al., 1997�. The Moore et
al. �1997� model is based on loudness as a function of fre-
quency, taking into account changes in spread of excitation
with level. This model was selected to generate threshold
predictions based on the power spectrum of each masker. In
applying the model, predicted thresholds were obtained by
finding the level at which the partial loudness of the signal
component was equal to 2 phons. Several investigators have
shown that predictions generated using this general approach
provide a reasonable account of observed masked thresholds
across a range of masking paradigms �Van Der Heijden and
Kohlrausch, 1994; Jesteadt et al., 2007�. Note, however, that
this approach assumes that the long term power spectrum is
the sole determinant of threshold, and that the temporal prop-
erties of the stimulus play no role in detection. Although
there are counterexamples to these assumptions in the litera-
ture �e.g., Zwicker, 1976; Green, 1988; Moore and Glasberg,
1987; Richards, 1992; Richards and Nekrich, 1993�, the de-
gree of agreement between predicted and observed thresh-
olds for the different masker conditions provides a frame-
work within which to examine the contribution of peripheral
excitation to differences in observed threshold across masker

samples.
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Thresholds predicted by the model for the 1000-Hz sig-
nal for the 25 masker samples are shown in Table I, rank
ordered from lowest to highest predicted threshold. Despite
the absence of masker components within 80 Hz of the sig-
nal frequency, predicted thresholds ranged from 6.3 to 45.0
dB SPL across masker samples. Predicted thresholds for
RanLow maskers ranged from 6.3 to 12.8 dB SPL �mean
=8.0�, whereas predictions for RanHigh maskers ranged
from 39.4 to 45.0 dB SPL �mean=42.9�. Thus, the average
difference in predicted threshold for RanHigh and RanLow
conditions was approximately 35 dB. A relation between the
proximity in frequency of the signal and neighboring masker
tones is evident in Table I, with more masking for maskers
with components closer to 1000 Hz.

B. Fixed conditions

Average masked thresholds across listeners for the
1000-Hz signal in the presence of each masker sample fixed
across blocks are shown in Fig. 1, plotted as a function of
predicted thresholds. Filled symbols indicate data for
samples later used in the RanLow �circles� and RanHigh �tri-
angles� conditions. Data on or near the dotted diagonal line

FIG. 2. Scatterplots of observed threshold as a function of predicted thresho

FIG. 1. Scatterplot of average observed threshold across listeners as a func-
tion of predicted threshold for the 25 masker samples. Filled symbols indi-
cate data for samples used in the RanLow �circles� and RanHigh �triangles�
conditions. Data on or near the dotted diagonal line indicate average ob-
served thresholds that were well predicted by the model.
line represents the best least-squares fit to all data points for each of the three lis
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indicate average observed thresholds that were well pre-
dicted by the model. Consistent with previous studies �e.g.,
Neff and Callaghan, 1987; Wright and Saberi, 1999�, masker
samples varied widely in masker effectiveness. Average
masked thresholds ranged from 20.9 dB SPL �sample 11� to
46.6 dB SPL �sample 23�, a range of approximately 26 dB.
The preponderance of data above the dotted diagonal line in
Fig. 1 indicates that threshold predictions based on excitation
patterns often underestimated average observed thresholds.
Nonetheless, there appears to be a relation between predicted
and average observed thresholds.

Individual differences in the relationship between the
predictions and the data were evident. Individual data for
three listeners are shown in Fig. 2 to illustrate the range of
results. No relation between the data and model predictions
was found for L21 �R2=0.19; p�0.05�. In contrast, pre-
dicted thresholds for L121 accounted for half of the variance
in observed thresholds �R2=0.51; p�0.01�. Finally, a strong
relation between predicted and observed thresholds was ob-
served for L99 �R2=0.73; p�0.01�.

Individual differences in masked threshold were more
pronounced for some masker samples than for others. Figure
3 shows the difference between the observed and predicted
thresholds for each masker sample and each listener, rank
ordered by predicted threshold as in Table I. Data above the
solid line indicate observed thresholds that were under-
predicted by the model and data below the solid line indicate
observed thresholds that were over-predicted by the model.
Even without masker randomization, large individual differ-
ences in masked threshold were observed for many of the
maskers, with thresholds spanning a range of up to 41 dB
across listeners. Individual differences were most pro-
nounced for samples predicted to produce little excitation-
based masking. A Spearman’s rank order correlation was
computed to assess the relationship between predicted
thresholds and the magnitude of individual differences, quan-
tified as the standard deviation across threshold estimates.
This correlation was �0.76 �p�0.0001�, confirming that in-
dividual differences are greatest for masker samples with the
lowest predicted thresholds. For example, the lowest pre-
dicted threshold �6.3 dB SPL� was found for masker samples
11, 12, and 16. Data-model differences as large as 35 dB
were observed for these samples �L123�. In contrast, the
highest predicted threshold �45 dB SPL� was associated with

r the 25 masker samples for three listeners �L21, L121, and L99�. The solid
ld fo

teners.

Leibold et al.: Four-tone masker



masker sample 15. The largest discrepancy between the data
and model for any listener for this masker sample was �8
dB �L99�.

Note that no evidence of significant practice effects was
observed in the data. The average improvement in masked
threshold across the first and fourth blocks of trials ranged
from 0 to 6 dB across listeners �mean=2.5 dB�. A within-
subjects linear regression of threshold as a function of block
number indicated no significant improvement in threshold
with increasing block number �F�1,99�=1.2; p=0.3�.

FIG. 3. Difference between observed and predicted thresholds as a functio
threshold. Data at or above the solid line indicate observed thresholds that

FIG. 4. Masked thresholds are plotted for individual listeners and for the av
squares� conditions. Filled circles and squares show the average thresholds
RanLow and RanHigh, respectively. The ranges of predicted thresholds for

indicated with hatched shading.
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C. Random conditions

The effect of masker-frequency uncertainty was esti-
mated by comparing thresholds obtained when each masker
sample was presented alone for a block of trials to thresholds
obtained when the masker samples were drawn randomly on
each presentation from the pool of five samples within each
block. Figure 4 presents individual masked thresholds and
the average across listeners, with listeners ordered on the
abscissa by thresholds in the FixLow condition. Open circles

masker sample for all listeners, ordered from lowest to highest predicted
higher than the model predictions.

across listeners �with SEs� for RanLow �open circles� and RanHigh �open
ined in the fixed-presentation conditions across the five samples used for
ve samples used for the RanLow and those for the RanHigh conditions are
n of
were
erage
obta

the fi
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and squares indicate RanLow and RanHigh conditions, re-
spectively. Filled circles and squares indicate thresholds ob-
tained in the associated fixed-presentation conditions. Error
bars represent �1 SE for the average data. The gray vertical
lines emphasize the difference in threshold between condi-
tions with low and high predicted thresholds for both random
and fixed presentations. The ranges of masked thresholds
predicted by the Moore et al. �1997� model for the five
samples used for the RanLow samples and five RanHigh
samples are shown by the hatched areas. Thus, the degree to
which the data fall within these ranges provides an indication
of whether or not the model provides a good account of
observed thresholds.

Figure 4 clearly shows that the excitation-based model
does not successfully predict the data for either random con-
dition for any listener. Moreover, the estimated threshold for
L121 in the RanLow condition is higher than in the RanHigh
condition, offering the most serious violation of the model.
Consistent with earlier reports �e.g., Neff and Callaghan,
1987; Wright and Saberi, 1999; Durlach et al., 2005�, how-
ever, masker-frequency uncertainty increased masked thresh-
olds for all ten listeners. Thresholds were always higher for
the Random conditions, even with only five samples ran-
domly selected across presentations, than for the correspond-
ing Fixed conditions. For data averaged across listeners, the
threshold in the RanLow condition was 27.6 dB higher than
the corresponding FixLow conditions �compare circles in
Fig. 4�. Similarly, the average threshold in the RanHigh con-
dition was 19.5 dB higher than that for the FixHigh condi-
tions �compare squares in Fig. 4�. Note that for every listener
the RanLow threshold was higher than the worst single Fix-
Low threshold. Similarly, the RanHigh threshold was higher
than the worst single FixHigh threshold. A two-way,
repeated-measures analysis-of-variance, with two main fac-
tors of Uncertainty �random versus fixed� and Predicted
Masking �low versus high�, indicated a significant effect of
Uncertainty �F�1,9�=66.3; p�0.0001�. The main effect of
Predicted Masking was significant �F�1,9�=25.8; p�0.01�,
with higher observed thresholds for masker samples with
high predicted thresholds compared to low predicted thresh-
olds. The Uncertainty�Predicted Masking interaction was
also significant �F�1,9�=6.9; p�0.05�, indicating that the
difference in performance for samples with low versus high
predicted thresholds was smaller when masker samples were
randomly interleaved on an interval-by-interval basis com-
pared to fixed throughout a block of trials. That is, the extent
to which listeners failed to achieve excitation-based thresh-
old predictions was greatest when predicted thresholds were
low.1

IV. DISCUSSION

A. Masking in the absence of masker-spectral
uncertainty „Fixed conditions…

The present results demonstrated a wide range of thresh-
olds across the 25 masker samples when the same masker
sample was used on every presentation throughout trial
blocks. Frequency components comprising the masker

samples were excluded from falling within a 160-Hz region

2446 J. Acoust. Soc. Am., Vol. 127, No. 4, April 2010
centered on the 1000-Hz signal. Nonetheless, average thresh-
olds across listeners differed by as much as 26 dB across
masker samples. As outlined in the Introduction, substantial
differences in masked threshold across fixed-frequency
multi-tonal masker samples have previously been reported in
the literature �e.g., Neff and Callaghan, 1987; Wright and
Saberi, 1999�. The variability in masked thresholds observed
in the present and earlier studies may reflect, in part, differ-
ences in peripheral excitation across masker samples. For
example, sample 11 used in the current study was comprised
of one tone more than an octave below the signal frequency
�447 Hz� and three tones 800-Hz or more above the signal
frequency �1870, 2276, and 2716 Hz�. Both the predicted
�6.3 dB SPL� and average observed �20.9 dB SPL� thresh-
olds were lowest for this sample. In contrast, higher pre-
dicted �45 dB SPL� and average observed �41.9 dB SPL�
thresholds were found for sample 15. Two of the four tones
comprising this sample were close in frequency and flanked
the 1000-Hz signal �867 and 1109 Hz�.

Differences in predicted peripheral excitation across
masker samples were systematically examined by computing
thresholds for the 1000-Hz signal in the presence of each of
the 25 samples using the excitation-pattern model of partial
loudness proposed by Moore et al. �1997�. Similar to ob-
served thresholds, predicted thresholds differed widely
across masker samples �range=6.3–45.0 dB SPL�. More-
over, the model predicted a significant portion of the vari-
ance in the average observed thresholds for several listeners.
These observations are inconsistent with the assumption that
sparsely sampled multi-tonal maskers with a spectral gap
centered on the signal frequency produce minimal energy-
based masking. Instead, the variability in threshold across
samples may reflect significant contributions from peripheral
auditory processes.

It is difficult, however, to provide a complete account of
listeners’ thresholds in terms of differences in peripheral ex-
citation patterns across the 25 masker samples. Average
thresholds for some samples were not well predicted by the
model. Whereas the model and data were in good agreement
for samples with high predicted thresholds, the model tended
to underestimate performance for samples with low predicted
thresholds. This pattern of results suggests substantial contri-
butions of informational masking for at least some fixed-
frequency masker samples. In particular, informational
masking appears to be largest for conditions in which effects
of excitation-based masking are smallest.

The current results extend those of developmental stud-
ies showing remote-frequency masking under conditions of
minimal stimulus uncertainty during infancy �Werner and
Bargones, 1991; Leibold and Werner, 2006� and childhood
�Leibold and Neff, 2007�. For example, the presence of two,
fixed-frequency tones remote from the signal frequency can
produce significant amounts of informational masking of a
1000-Hz signal for infants and most children �Leibold and
Werner, 2006; Leibold and Neff, 2007�. Note also that sev-
eral adults tested as control subjects in each of the develop-
mental studies appeared to be susceptible to some degree of
informational masking without masker-frequency uncer-

tainty.
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The presence of large individual differences, on the or-
der of 40 dB for some masker samples, is also atypical of
masking produced by peripheral mechanisms. Moreover,
these individual differences do not appear to reflect listening
strategies that can be improved with practice. Despite thou-
sands of intervening trials, limited improvements in perfor-
mance across listeners or across masker samples were ob-
served between the first and fourth blocks of trials. The large
individual differences and resistance to training suggest con-
tributions of informational masking for at least the poorer
performers �e.g., Neff and Dethlefs, 1995�. Inconsistency
across listeners in masking effectiveness for particular multi-
tonal samples fixed across presentations has been noted in
previous studies �Neff and Callaghan, 1987; Wright and Sa-
beri, 1999; Alexander and Lutfi, 2004; Durlach et al., 2005;
Leibold and Neff, 2007�. For example, Neff and Callaghan
�1987� measured thresholds for a 1000-Hz tone in each of
50, ten-tone masker samples fixed across a block of trials.
Maskers were then ranked in terms of effectiveness, and the
top and bottom 10 selected in terms of amount of masking
for each listener. There were four samples even at these ex-
tremes of the distributions that fell in the top category for
one listener but the bottom for another.

The wide range of thresholds across listeners, most pro-
nounced for samples with low predicted masking, suggests
that listeners may have adopted different strategies to per-
form the detection task. Alternatively, all listeners may be
pursuing the same strategy but with different degrees of suc-
cess. A subset of listeners appeared limited in their ability to
resolve the signal from the masker at the level of the auditory
periphery. Observed thresholds for these listeners closely fol-
lowed the model predictions. For example, L99 �see Fig. 2�
used an effective strategy resulting in little evidence of in-
formational masking for Fixed conditions. In contrast, other
listeners appeared to adopt a non-optimal strategy for the
detection task. These listeners showed relatively large dis-
crepancies between the model and the data for some masker
samples. For example, no relation between the model and
data was found for L21. Observed thresholds exceeded pre-
dictions by as much as 30 dB for this listener �Fig. 2�. As
with the average data, differences between the model and
data for L21 were largest for samples with low predicted
thresholds.

Neff et al. �1993� suggested that the large range in per-
formance across listeners with random-frequency multi-tonal
maskers may be indicative of individual differences in the
ability to listen “analytically.” In the context of the current
study, analytic listening refers to the extent to which listeners
attended to the 1000-Hz target signal and ignored informa-
tion at masker frequencies. Whereas listeners with little or no
informational masking are described as analytic, listeners
with substantial informational masking are described as ho-
listic or synthetic listeners. Presumably, holistic listeners in-
tegrate information across frequency even though it is disad-
vantageous to do so. Several researchers have applied
quantitative methods to evaluate these apparent individual
differences in listening strategies with random-frequency
maskers �e.g., Neff et al., 1993; Lutfi, 1993; Richards et al.,

2002; Alexander and Lutfi, 2004; Durlach et al., 2005�. The
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most comprehensive model to date is the component-relative
entropy �CoRE� model proposed by Lutfi �1993�. Similar to
models of energy detection, the CoRE model assumes that
detection is based on the output of energy at the auditory
filter centered on the signal frequency. The CoRE model dif-
fers from traditional energy-detection models, however, be-
cause it considers potential contributions from auditory fil-
ters that do not contain information about the presence of the
signal. Using this model, Lutfi and colleagues observed a
relation between amount of informational masking and both
the number and frequency range of monitored filters �e.g.,
Lutfi, 1993; Alexander and Lutfi, 2004�.

In a related approach, listeners’ decision weights for the
detection task are compared to weights of an ideal observer
�e.g., Berg, 1989; Lutfi, 1995; Richards and Zhu, 1994�. For
detection of a fixed-frequency pure tone in the presence of a
random-frequency masker, an ideal observer assigns weight
exclusively to the output of auditory filters representing the
signal. No weight is assigned to auditory filter outputs domi-
nated by masker stimuli. Results from studies using this ap-
proach have shown that low-threshold listeners have weight-
ing functions that more closely approximate those of an ideal
listener, whereas high-threshold listeners assign significant
weight to masker components �e.g., Alexander and Lutfi,
2004; Richards et al., 2002�. In addition, a significant nega-
tive relation between weighting efficiency and amount of
informational masking has been observed �e.g., Alexander
and Lutfi, 2004�. These results are consistent with the idea
that the individual differences in informational masking ob-
served for random-frequency maskers reflect perceptual dif-
ferences in analytic listening strategies.

Similar differences in the ability to listen analytically
might be responsible for the wide range of thresholds ob-
served across listeners for the current Fixed conditions. To
examine individual listening strategies, an “attentional-filter”
analysis was performed following the general approach de-
scribed by Neff et al. �1993�. Neff et al. �1993� compared
thresholds for a 1000-Hz tone embedded in a random-
frequency, multi-tonal masker while parametrically varying
the width of the protected region around the 1000-Hz signal.
Four of eight listeners showed substantial informational
masking even for conditions with large spectral gaps in the
maskers. In contrast, much smaller effects of masking were
observed for the remaining four listeners across all condi-
tions. Although notched-noise measures of auditory filter
width �Patterson et al., 1982� were similar across the two
groups, high-threshold listeners had wider attentional filters
and poorer estimates of processing efficiency compared to
low-threshold listeners. That is, the listeners most susceptible
to informational masking appeared to be unable to ignore the
irrelevant masker energy.

Attentional filters were fitted to individual listeners’ data
in Fixed conditions following methods similar to those of
Neff et al. �1993�. The filter was defined as a two-parameter
rounded-exponential �roex� model,

W�g� = �1 − r��1 + pg�e−pg + r ,

where p defines the width of the filter, r is the dynamic

range, and g is the frequency offset relative to the filter cen-
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ter frequency, defined as a ratio. An additional variable speci-
fies the signal-to-noise ratio at the output of the filter that is
associated with threshold. This value, described as efficiency
�K�, is assumed to be constant across frequency. In this
analysis the spectra of the 25 masker samples were weighted
in power by function W, and a separate least-squares fit was
made to each individuals’ Fixed masker thresholds. Resulting
parameter estimates are reported in Table II, along with the
percentage of variance accounted for by each fit. Data for
each listener appear in a separate row, and listeners are or-
dered according to the averaged threshold in the five FixLow
conditions, as in Fig. 4. There was a significant correlation
between this rank ordering and estimates of both p and r
�p�0.05�, with better sensitivity being associated with nar-
rower frequency resolution �larger values of p� and wider
dynamic range �smaller values of r�. There was a non-
significant association between rank order based on sensitiv-
ity and K �r=0.11, p=0.77�.

Contrary to the results for the subjects in Neff et al.
�1993�, these results on attentional filters indicate that indi-
vidual differences for listeners in the present study can pri-
marily be attributed to differential frequency selectivity
rather than efficiency. What remains unclear, however, is to
what extent these individual differences in filter width esti-
mates reflect differences in frequency selectivity at periph-
eral or central levels within the auditory system. One inter-
pretation of these results is that true individual differences in
peripheral filtering are considerably larger than previously
estimated using traditional notched-noise measures of audi-
tory filter width �Patterson et al., 1982�. Alternatively, the
magnitude of estimates for some listeners may suggest that
these differences reflect “attentional” filtering at more central
levels within the auditory system. Future studies are required
to systematically examine the mechanisms responsible for
these individual differences.

One approach that might be used to disentangle contri-
butions of peripheral and central processes is to introduce an
acoustic cue that has been shown to provide a substantial
release from informational masking produced by random-
frequency multi-tonal maskers and examine whether thresh-

TABLE II. Results of fitting “attentional filters” with the roex model �see
text� for individual listeners’ data in Fixed conditions. Listeners are ordered
based on lowest to highest mean threshold in the five FixLow conditions, as
in Fig. 4.

Listener p
r

�dB�
K

�dB� VAC

L99 26.34 �49.19 �10.62 0.83
L121 16.73 �43.79 �14.19 0.63
L5 30.24 �36.91 �7.37 0.71
L265 19.98 �35.10 �10.80 0.73
L1 12.34 �51.72 �12.58 0.59
L65 6.81 �50.60 �20.50 0.34
L62 10.79 �31.66 �10.50 0.53
L205 11.30 �15.80 �10.82 0.55
L21 16.46 �14.27 �11.95 0.29
L123 9.80 �14.98 �7.21 0.27
olds improve for listeners with relatively high thresholds in
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the Fixed conditions. We used this general approach to ex-
amine performance for one listener �L205� who exhibited
relatively high thresholds for masker samples predicted to
produce low levels of excitation-based masking. Following
Neff �1995�, a temporal cue believed to promote sound
source segregation and reduce informational masking was
provided. Masker duration was increased to 400 ms, result-
ing in a 100-ms masker fringe preceding the 300-ms signal;
stimulus component starting phase was adjusted in the fringe
conditions so that the 300-ms listening interval was identical
in conditions with and without the preceding 100-ms fringe.
If central, rather than peripheral, filtering underlies this lis-
tener’s poor performance with masker samples predicted to
produce minimal energetic masking, introducing this tempo-
ral fringe cue should produce large reductions in threshold.
Thresholds were collected for L205 with the masker fringe
for the five masker samples with the lowest predicted ener-
getic masking �samples 16, 11, 12, 24, and 7�, with condi-
tions completed in random order. Mean threshold without
fringe was 34.5 dB SPL �range=30.9–35.4 dB SPL�, similar
to Fixed thresholds for these maskers and this listener in the
main experiment. In contrast, mean threshold with the tem-
poral fringe was 15.2 dB SPL �range=10.9–23.3 dB SPL�.
Thus, temporal fringe reduced thresholds by 18.4 dB, con-
sistent with a substantial effect of informational masking in
the Fixed conditions for masker samples with low predicted
thresholds in the main data set.

B. Effects of masker-spectral uncertainty „Random
conditions…

Previous studies have established that randomizing
masker spectra for multi-component maskers can produce
substantial informational masking for many listeners �e.g.,
Neff and Dethlefs, 1995�. The current observation that
masked thresholds were elevated for Random relative to the
corresponding Fixed conditions is in agreement with this ear-
lier work. External stimulus uncertainty was not required,
however, to produce informational masking for many listen-
ers. Thresholds were higher for all listeners when one of five
masker samples was randomly selected on each presentation
�Random conditions� compared to thresholds for the same
samples fixed on every presentation throughout trial blocks
�Fixed conditions�. Of particular interest, even listeners with
little evidence of informational masking for Fixed conditions
appeared to be susceptible to informational masking when
masker-frequency uncertainty was introduced. For example,
threshold for L99 was approximately 14-dB higher in the
RanLow condition compared to this listener’s highest thresh-
old �sample 7� for the same samples presented in the Fixed
conditions.

Differences in the stimuli used in the current and previ-
ous works limit comparisons of the effect of masker-
frequency uncertainty across studies. Masker-frequency un-
certainty is often produced by drawing component
frequencies completely at random from a specified frequency
range �e.g., Neff and Green, 1987�. In the current Random
conditions, the masker presented in each interval was ran-
domly selected from a subset of five masker samples. Thus,

listeners may have relied on their memory of the five
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samples used for each Random condition and/or used a dif-
ferent decision strategy than if maskers had been drawn from
a larger or completely random set. Data from Richards et al.
�2002�, however, suggest that listeners adopt consistent strat-
egies for small and large sets of masker samples. Richards et
al. �2002� examined measured detection thresholds for a
1000-Hz tone in the presence of a random-frequency, six-
tone masker. The pool of masker samples was varied across
conditions, resulting in masker set sizes ranging from 3 to
24. Performance was also assessed for a completely random
masker set. The results were interpreted as showing that
many listeners remembered individual masker samples, even
when the set size was 24. However, there was no evidence
that listeners changed their decision strategy as the masker
set size was increased.

It is generally accepted that some portion of the masking
produced by random-frequency multi-tonal maskers is infor-
mational in that it appears to arise from mechanisms other
than those modeled by energy detection in peripheral audi-
tory filters centered at the signal frequency. Effects of
masker-frequency uncertainty appear to be greater, however,
when samples with low compared to high predicted masking
were randomly selected on each presentation. The mecha-
nisms responsible for this apparent difference in the effect of
masker-frequency uncertainty are not understood. One pos-
sible explanation is that strategies based on frequency-
specific cues support the best sensitivity, though the success
of these strategies differs across listeners and across masker
samples. In cases where frequency-specific detection cues
are not used effectively, listeners might rely on differences in
overall loudness across the two intervals at higher signal lev-
els, effectively placing an upper limit on thresholds. Note
that a strategy based on overall loudness does not require
perceptual segregation of the signal and masker.

C. Implications of the present results for
understanding informational masking

The majority of results reported here are not unique to
the current study. For example, a number of previous studies
have compared performance across fixed- and random-
frequency multi-tonal maskers �e.g., Neff and Callaghan,
1988; Neff and Dethlefs, 1995; Wright and Saberi, 1999;
Alexander and Lutfi, 2004; Richards and Neff, 2004;
Durlach et al., 2005; Leibold and Neff, 2007�. Similarly,
previous investigations have provided estimates of the
amount of energetic masking that might be expected for
given multi-tonal masker samples �e.g., Lutfi, 1993; Durlach
et al., 2005� and the effects of energetic masking on magni-
tude of informational masking associated with stimulus fre-
quency uncertainty �Neff et al., 1993�. The novel approach
used in the current study was to examine contributions of
peripheral excitation and informational masking to the vari-
ability in masking effectiveness in Fixed conditions observed
across samples of multi-tonal maskers using a combination
of these previously reported approaches.

A common metric for determining informational mask-
ing related to masker-frequency uncertainty is the difference
in performance between conditions using random-frequency

multi-tonal maskers and either quiet thresholds or thresholds
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in conditions using equal power, broadband-noise maskers.
We have recently argued, however, that a multi-tonal masker
sample should be used as a reference condition to estimate
the contribution of masker-frequency variability to informa-
tional masking �Leibold and Werner, 2006; Leibold and Neff,
2007�. In this approach, the fixed-frequency multi-tonal
masker sample is matched to the random-frequency multi-
tonal masker in as many aspects as possible except spectral
variability, as in the minimal-uncertainty conditions first de-
scribed by Watson et al. �1976�. The present data indicate
that estimates of informational masking based on comparison
across fixed and random masker conditions depend critically
on selecting conditions with comparable energetic masking.
Data based on stimuli with low predicted thresholds would
result in large estimates of variability-based masking,
whereas stimuli with high predicted thresholds would result
in small estimates of variability-based masking.

The observation of informational masking in the absence
of stimulus uncertainty complicates efforts to define informa-
tional masking. Informational masking is often defined as
masking that occurs in excess of energetic masking. As Kidd
et al. �2008� stated, “…it would be helpful in attempting to
quantify informational masking if there were a precise model
of energetic masking that could accurately predict perfor-
mance for a wide range of stimuli or a measurement proce-
dure in which one could be certain that only energetic mask-
ing was present” �p. 145�. The Moore et al. �1997� model
provides a useful framework for conditions with simulta-
neous multi-tonal maskers, providing estimates of masked
threshold based on excitation patterns �e.g., Jesteadt et al.,
2007�. Applying this framework to the current data for Fixed
conditions indicates contributions of both energetic and in-
formational masking to the masking produced by four-tone
masker samples for many listeners despite the absence of
external stimulus uncertainty. In addition, the relatively close
correspondence between threshold predictions and behav-
ioral thresholds from the best-performing listener �L99�
lends some credibility to this model of energetic masking for
these stimuli. The current data are consistent with Durlach et
al. �2003� who argued that stimulus variability is not re-
quired to produce informational masking, but that informa-
tional masking may also be determined by the degree of
similarity between the signal and the masker.

V. SUMMARY AND CONCLUSIONS

Consistent with previous studies �e.g., Neff and Cal-
laghan, 1987; Wright and Saberi, 1999�, individual masker
samples varied widely in masking effectiveness. Average
thresholds in conditions in which particular samples were
fixed across blocks differed by as much as 26 dB across
masker samples.

There were marked individual differences in masked
threshold, on the order of 40 dB for some fixed samples.
Observed thresholds also differed substantially from pre-
dicted thresholds in some cases. This model-data discrepancy
was most pronounced for samples with low predicted thresh-

olds.
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When masker samples were randomly selected on a
trial-by-trial basis, the difference in performance for samples
with low versus high predicted thresholds was reduced.

The mechanisms responsible for the individual differ-
ences in performance across listeners for specific masker
samples require further investigation. Masking remains an
operational definition with multiple contributing mechanisms
even for stimuli and conditions in which sensitivity is often
assumed to be limited by peripheral mechanisms. The cur-
rent results are consistent with the view that informational
masking can be affected by multiple factors, including stimu-
lus uncertainty and availability of cues aiding sound segre-
gation for signals and maskers.
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