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Previous work has indicated that target-masker similarity, as well as stimulus uncertainty, influences
the amount of informational masking that occurs in detection, discrimination, and recognition tasks.
In each of five experiments reported in this paper, the detection threshold for a tonal target in
random multitone maskers presented simultaneously with the target tone was measured for two
conditions using the same set of five listeners. In one condition, the target was constructed to be
‘‘similar’’ ~S! to the masker; in the other condition, it was constructed to be ‘‘dissimilar’’~D! to the
masker. The specific masker varied across experiments, but was constant for the two conditions.
Target-masker similarity varied in dimensions such as duration, perceived location, direction of
frequency glide, and spectro-temporal coherence. Group-mean results show large decreases in the
amount of masking for the D condition relative to the S condition. In addition, individual differences
~a hallmark of informational masking! are found to be much greater in the S condition than in the
D condition. Furthermore, listener vulnerability to informational masking is found to be consistent
to at least a moderate degree across experiments. ©2003 Acoustical Society of America.
@DOI: 10.1121/1.1577562#

PACS numbers: 43.66.Dc, 43.66.Lj@MRL#
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I. INTRODUCTION

There is considerable room for argument about how b
to define informational masking or even whether the te
‘‘informational masking’’ is useful. Nevertheless, it is gene
ally agreed that informational masking is distinct from en
getic masking, where energetic masking is defined as
masking that results from competition between target
masker at the periphery of the auditory system~i.e., at the
level of the basilar membrane or auditory nerve!. Consistent
with this characterization is the idea that informational ma
ing reflects vulnerability of certain central portions of th
auditory processing system~e.g., related to attentional phe
nomena!. Furthermore, it has been amply demonstrated
substantial amounts of informational masking can be crea
through the introduction of uncertainty in the acoustic stim
lus. In fact, some investigators have used the effects of
certainty to define informational masking~e.g., Watson and
Kelly, 1981; Neff, 1995; Oh and Lutfi, 2000!. Although it has
not been shown that stimulus uncertainty is either a ne
sary or a sufficient condition to produce nonenergetic ma
ing, there is no doubt that stimulus uncertainty can prod
large amounts of such masking under a wide variety of c
ditions. Further comments on some of these conceptua
sues are available in Durlachet al. ~2003a!.

In this paper, we report the results of a series of det
tion experiments~involving tonal targets and random mult
tone maskers presented simultaneously with the target! de-
signed to demonstrate that informational masking resul

a!Portions of this work were presented at the Acoustical Society of Ame
meeting in Pittsburgh, PA in June 2002@Masonet al., J. Acoust. Soc. Am.
111, 2470~A! ~2002!#.

b!Electronic mail: durlach@mit.edu
368 J. Acoust. Soc. Am. 114 (1), July 2003 0001-4966/2003/
st

-
e
d

-

at
d

-
n-

s-
k-
e
-

is-

c-

g

from stimulus uncertainty can be substantially reduced
introducing target-masker dissimilarity. To the extent th
this is in fact the case, one can conclude that an adeq
theory of informational masking must take account of targ
masker similarity as well as uncertainty. The experimen
results reported in this paper add to previously reported
formational masking experiments concerned with targ
masker similarity not only by providing additional data, b
by exploring additional dimensions of similarity and by em
ploying the same set of listeners in all of the experimen
Inasmuch as intersubject variability is known to be extra
dinarily large in informational masking experiments, com
paring the results for individual listeners across several
ferent experiments can provide important additional insi
into the nature of informational masking.

II. BACKGROUND

Previous research on informational masking includ
studies of both simultaneous and sequential masking for
crimination and recognition as well as for detection, for
wide variety of signal types ranging from simple ton
stimuli to running speech. The following comments focus
the empirical work on informational masking for simulta
neous nonspeech stimuli in which the target is a fixe
frequency tone and the masker is a multitone complex wh
frequency components are varied randomly from prese
tion to presentation or trial to trial~e.g., Neff and Green
1987; Neff and Callaghan, 1987; Neffet al., 1993; Neff,
1995; Neff and Dethlefs, 1995; Kiddet al., 1994; Oh and
Lutfi, 1998; Wright and Saberi, 1999; Richardset al., 2002!.
The spacing of the masker components is restricted in su
way that relatively little masker energy occurs in the fr

a
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quency region around the signal tone~called the ‘‘protected
region’’!. Because the amount of energetic masking
creases with the size of the protected region~cf. Neff et al.,
1993!, many of the experiments designed to focus on inf
mational masking use protected regions that are equal t
greater than the ‘‘critical band’’ around the given target fr
quency. Also, because in many cases both energetic an
formational masking are expected to occur at least to so
degree, attention is given to how much masking is energ
and how much is informational, and to how the two types
masking interact~e.g., Lutfi, 1990!. The number of tonal
components in the masker, and the frequency range of th
components, as well as the extent to which the compon
are randomized in amplitude and frequency, varies with
experiment. Also, the relative effect of randomizing the sp
trum of the masker between intervals and between trial
two-interval paradigms has been examined~cf. Neff and
Green, 1987; Neff, 1995; Neff and Dethlefs, 1995; Wrig
and Saberi, 1999; Richardset al., 2002!.

The effect of randomizing the spectrum of the mas
can be exceedingly large. However, the results of such
periments are strongly listener dependent. Whereas som
teners, occasionally referred to as ‘‘holistic’’ or ‘‘synthetic
listeners, evidence very large effects of the uncertainty in
multitone masker, other listeners, often referred to as ‘‘a
lytic’’ listeners, show hardly any effect at all~Espinoza-Varas
and Watson, 1989; Neff and Dethlefs, 1995; Lutfiet al.,
2003!. Moreover, it appears that the variation in the size
this effect arises primarily from variation in the mask
threshold for the uncertain-masker case rather than for
certain-masker case~which is often broadband noise!. Ques-
tions of current interest in this area include: To what ext
does a listener’s ability to resist informational masking va
with the experimental task? What other differences am
listeners correlate with this ability? How much can this ab
ity be enhanced by training? According to a recent study
Oxenhamet al. ~2003!, there is a significant positive corre
lation between resistance to informational masking and m
sical training.

Despite the large amount of data on informational ma
ing that has become available over the past few years, t
have been only a few attempts to model informational ma
ing. Currently there is no model that satisfactorily accou
for all of the empirical results, even when limited to the bo
of work on detecting a target tone in a simultaneous rand
multitone masker discussed above. The most extensive e
to date is the CoRE~component relative entropy! model pro-
posed by Lutfi~1993!. Oh and Lutfi~1998! have shown that
the CoRE model, which uses the weighted outputs~mean
levels and variances! of a set of peripheral filters in additio
to a variable bandwidth ‘‘attentional’’ filter, can predict th
variation in threshold with number of masker tones~as origi-
nally found by Neff and Green, 1987! with considerable ac-
curacy. In other cases, however, such as the detection th
old for an inharmonic tone embedded in a randomiz
harmonic multitone masker, the model is less successful~Oh
and Lutfi, 2000!. In distinct but related efforts, both Wrigh
and Saberi~1999! and Richardset al. ~2002! have interpreted
J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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informational masking data in terms of channel-weighti
analyses.

Apart from the modeling work noted above, which
focused primarily on uncertainty in the stimulus combin
with channel weights, the main theoretical notions that ha
been proposed to help understand informational mask
phenomena concern the perceptual grouping or segrega
of target and masker~Leek et al., 1991; Kidd et al., 1994;
Neff, 1995; Oh and Lutfi, 2000!. At a crude intuitive level,
informational masking occurs because the listener find
difficult to focus attention on the target in the presence o
distracting or confusing masker. Although uncertainty
clearly relevant to this phenomenon, so is the extent to wh
the target ‘‘sounds like’’ the masker and is grouped with t
masker. In the words of Leeket al. ~1991, pp. 205–206!,
‘‘Informational masking is broadly defined as a degradat
of auditory detection or discrimination of a signal embedd
in a context of other similar sounds’’ and ‘‘A target that
sufficiently different from the surrounding tones along som
acoustic dimension will be heard with increased precisio
Thus, in addition to uncertainty, similarity, which is we
known to be a factor in the extent to which auditory obje
may be grouped into a single auditory image or segrega
into separate images~e.g., Bregman, 1990!, has also been
considered as an important factor in informational maskin1

In the studies by Kiddet al. ~1994! and Neff ~1995!,
informational masking was reduced by decreasing the s
larity between target and masker in a variety of dimensio
including spectro-temporal pattern, duration, and interau
~i.e., spatial! relationship. In the Neff study~1995, p. 1910!,
the purpose was ‘‘to increase the perceptual differences
tween the signal and the sinusoidal masker components
thus facilitate hearing out the signal from the tonal co
plex.’’ In the Kidd et al. study ~1994, p. 3475!, the stimulus
manipulations were chosen so that ‘‘they produced the s
jective impression that the signal and masker were perce
ally segregated into different auditory ‘objects’ or ‘images.
The results of both of these studies are considered along
our own results in Secs. IV and V. In the paper by Oh a
Lutfi ~2000! on harmonicity mentioned above, the autho
state that ‘‘large elevations in threshold are often attributed
the lack of any predictable structure in the masker that wo
allow listeners to segregate the single spectral compon
belonging to the signal from the collection of the comp
nents belonging to the masker’’~p. 706!. Accordingly, they
hypothesized that a harmonic masker should produce
masking when the target is not one of the harmonic com
nents. Their results were consistent with this conject
about the role of perceptual segregation in reducing inform
tional masking~but could not be accounted for by the CoR
model!.

In general, it seems clear that the amount of inform
tional masking cannot be predicted solely on the basis
uncertainty~even when the computation of uncertainty go
beyond consideration of the uncertainty in the stimu
waveforms! and that target-masker similarity and the ph
nomena of grouping and segregation must also be con
ered. Although the extent to which the components of a co
plex acoustic stimulus are grouped and segregated
369Durlach et al.: Informational masking
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distinct images is difficult to quantify, there is some ho
that eventually one or more metrics of target-masker simi
ity can prove useful in predicting the amount of inform
tional masking that occurs. It should also be noted t
target-masker similarity appears to be important in a w
range of complex auditory detection and recognition tas
For example, there is substantial evidence that target-ma
similarity plays a major role in speech reception tasks: inf
mational masking tends to increase as the masker goes
noise to speech to same-sex talker to same talker~e.g., Frey-
man et al., 1999, 2001; Brungart, 2001; Brungartet al.,
2001; Arbogastet al., 2002!.2 Furthermore, a recent study b
Kidd et al. ~2002! provides support for the proposition th
target-masker similarity affects informational masking f
nonspeech pattern recognition. Finally, it should be no
that similarity is a well-known factor in the degree to whic
stimuli interfere with or mask each other in sequential
well as simultaneous masking@for extensive work on tempo
ral patterns and sequential masking, see the work by Wa
and his colleagues as exemplified in Watsonet al. ~1976!,
Watson and Kelly~1981!, Watson ~1987!, and Espinoza-

FIG. 1. Schematic illustration of the Duration experiment~top panels! and
the Sweep experiment~bottom panels!. All four panels show the case whe
the target is present~bolder lines!. The two panels on the left illustrate the
condition and the two on the right the D condition. In the Duration expe
ment, the S and D conditions differ by target duration. In the Sweep exp
ment, the S and D conditions differ by the target sweep direction.

FIG. 2. Schematic illustration of the Spatial experiment. All panels show
case when the target is present~bolder lines!. The top panels are the stimu
presented to the right ear and the bottom panels are the stimuli for the
ear. In the S condition~left panels!, both the target and masker are presen
diotically. In the D condition~right panels!, the masker is presented diot
cally and the target monotically.
370 J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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Varas and Watson~1989!# and in sensory channels other tha
audition@see, for example, Turvey~1973! for a consideration
of pattern masking in vision#.

The purpose of the present study was to examine in
mational masking, and release from informational maski
for conditions in which target-masker similarity was varie
while masker uncertainty remained unchanged. This wor
thus a relatively direct extension of the previous investig
tions by Kidd et al. ~1994!, Neff ~1995!, and Oh and Lutfi
~2000!. In addition to testing new conditions in which targe
masker similarity is varied, all of the listeners participated
all conditions of each experiment, thus allowing a determ
nation of the consistency of listener performance acros
diverse set of masking conditions. The expectation is t
this data set will prove useful in future efforts to model i
formational masking that take into account the similar
and/or perceptual grouping and segregation of sounds.

III. EXPERIMENTS

A. Overview

Schematic diagrams of the experiments performed
shown in Figs. 1–3. In all cases, S is used to denote ‘‘tar
and masker similar’’ and D to denote ‘‘target and mask
dissimilar.’’ The following paragraphs contain brief descri
tions of the experiments performed~further details about
these experiments are given in Sec. III B!. In each case, a
multitone masker with a high degree of frequency unc
tainty is used. The distinction between the S and D con
tions is made by changes to the target only and there
involves no change in the masker uncertainty. In each cas
is intuitively obvious that the masked threshold in the
condition should be lower than in the S condition, despite
fact that such a result cannot reasonably be predicted on
basis of either stimulus energy or stimulus uncertainty~e.g.,
only in the fifth experiment is there any decrease in stimu
uncertainty in going from the S condition to the D conditio
and even in that case it seems very unlikely that uncerta
rather than target-masker similarity is the relevant issue!.

Although all the experiments performed were alike
the sense that the uncertainty in the stimulus consisted
frequency uncertainty in the masker, they differed with
spect to the parameters used to manipulate the degre
similarity between target and masker. The first experim
made use of duration, the second of direction of freque
sweep, the third of interaural parameters influencing spa
perceptual characteristics, and the fourth and fifth of para
eters influencing grouping and streaming perceptual cha
teristics. Taken all together, it is believed that the array
stimulus parameters~and the subjective counterparts of the
parameters! manipulated constitutes a sample that is su
ciently broad to enable one to draw general conclusi
about the interaction of similarity and uncertainty with re
sonable safety.

1. The shortened-target-duration experiment
(Duration)

As shown in the top two panels of Fig. 1, the S and
conditions differ by target duration only: the target in the

-
ri-

e

eft
Durlach et al.: Informational masking
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condition is shorter than the target in the S condition~i.e., the
target is turned on after the onset of the masker!. This ex-
periment is similar to one performed by Neff~1995!.

2. The reversed-frequency-sweep experiment (Sweep)

As shown in the bottom two panels of Fig. 1, the mas
tones are all upward frequency glides. In the S condition,
target is a glide with the same extent and direction as
masker components. In the D condition, the target glide i
the opposite direction from the masker components.

3. The separate-spatial-channels experiment (Spatial)

Figure 2 illustrates the third experiment. The S conditi
consists of a diotic multitone masker with a diotic tonal ta
get. In the D condition, the target is simply removed fro
one ear so that the masker is diotic and the target is mon
This experiment is similar to a condition in the Kiddet al.
~1994! paper and is similar in intent to a binaural conditio
in Neff ~1995!.

4. The jittered-target-frequency experiment (MBS)

The top two panels of Fig. 3 illustrate the fourth expe
ment. In both the S and D conditions, the masker and ta
consist of multiple-burst stimuli. Whereas the frequencies
the masker components are always held fixed from burs
burst @referred to as multiple-bursts-same, or MBS, as
Kidd et al. ~1994!#, the frequency of the target tone is fixe
in the S condition but jittered in the D condition.

5. The constant-target-frequency experiment (MBD)

The bottom two panels of Fig. 3 illustrate the fifth e
periment. As in the fourth experiment, multiple-burst stim
are employed in both the S and D conditions. However
this experiment, whereas the frequencies of the masker
now always randomized from burst to burst@referred to as

FIG. 3. Schematic illustration of the MBS and MBD experiments. A
graphs show the case when the target is present~bolder lines!. The top two
panels show the MBS paradigm. In this case, the masker was always
fixed from burst to burst. In the S condition~top left!, the target was also
held fixed; in the D condition~top right!, it was jittered in frequency from
burst to burst. The bottom two panels show the MBD paradigm. In this c
the masker was always jittered. In the S condition~bottom left!, the target
was also jittered; in the D condition~bottom right!, the target was held fixed
J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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multiple-bursts-different, or MBD, as in Kiddet al. ~1994!#,
the frequency of the target tone is now jittered in the S c
dition but held fixed in the D condition.

B. Methods

1. Listeners

Five university students between the ages of 20 and
~three male undergraduates and two female graduate
dents! participated in all experiments. All five listeners, d
noted L1–L5, had participated in previous experiments
our laboratory but were selected solely on the basis of av
ability. They were paid for their participation and complet
the experiments in five 2-h sessions~with breaks! over the
course of 2 weeks.

2. General methods and procedures

The stimuli were generated at a 20-kHz sampling r
and low-pass filtered at 7.5 kHz. All masker bursts consis
of eight tones that were chosen randomly on a logarithm
frequency scale from the range 200–5000 Hz on every p
sentation, excluding the subregion 800–1250 Hz. The ta
was always contained within this protected subregi
Sounds were presented to listeners through matched TD
headphones while seated in individual sound attenua
rooms. Unless stated otherwise, the target was a 1000
tone, the stimulus was presented monaurally to the right
and only one stimulus burst occurred in each interval o
trial. All experiments used a 2I, 2AFC two-down and one-
adaptive procedure with a fixed masker level of 60 dB p
masker component~approximately 69 dB overall level! and
an adaptive target level. Also, all experiments employ
correct-answer, trial-by-trial, feedback.

The sessions began with several adaptive runs to e
mate the unmasked target thresholds as well as to familia
the listener with the targets. Next, masked thresholds w
obtained alternating between the two conditions S and
after every two adaptive runs. A total of eight adapti
tracks, with a minimum of 50 trials and 9 reversals ea
were obtained for every condition. Each adaptive track be
with a step size of 4 dB that was changed to 2 dB after
third reversal. An even number of reversals, beginning w
the fourth or fifth, were averaged to obtain one thresh
estimate. To reduce learning effects, only the last 6 of th
threshold estimates were used in the final data analysis.

3. Specific stimuli

In the Duration experiment~Fig. 1, top!, the duration of
the eight-component masker was 300 ms~including 20 ms
cosine-squared ramps for both onset and offset!. In the S
case, the target had exactly the same temporal character
as the masker. In the D case, the target began 100 ms
than the masker but retained the synchronous offset; thu
duration was only 200 ms~including its 20 ms cosine-
squared ramps!.

In the Sweep experiment~Fig. 1, bottom!, the eight
components of the masker had random starting frequen
~as in the above experiment!, but instead of remaining con
stant they were rising frequency glides. The frequency
each

eld

e

371Durlach et al.: Informational masking
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component increased by a factor of 1.49 over the 300
duration of the masker. In order to maintain the 5000-
upper limit on the frequencies present in the masker,
highest possible starting frequency of any masker compo
was 3356 Hz~5000 Hz/1.49!. In the S case, the target was a
upward glide from 820 to 1220 Hz. In the D case, it was
downward glide covering the same frequency range. In
cases, each component had a duration of 300 ms inclu
20 ms cosine squared onsets and offsets.

In the Spatial experiment~Fig. 2!, the masker was the
same as that used in the Duration experiment, except th
was presented diotically rather than monotically. The tar
tone was presented synchronously with the masker eithe
otically ~the S case! or monotically~the D case!.

In the MBS experiment~Fig. 3, top!, the masker and the
target consisted of eight contiguous 60-ms bursts w
cosine-squared onset and offset ramps of 10 ms and a
duration of 480 ms. The frequency of each component of
masker was always held constant throughout the stim
presentation~i.e., from burst to burst but not interval to in
terval!. In the S condition, the frequency of the target w
also held constant from burst to burst; in the D conditio
however, the target frequency was randomly jittered fr
burst to burst over the range 820–1220 Hz.

In the MBD experiment~Fig. 3, bottom!, the bursts have
the same temporal characteristics as in the MBS case. H
ever, in contrast to the MBS case, the frequencies of
masker were always randomized burst to burst in the ra
200–5000 Hz~excluding the protected region!. Thus, in this
experiment the S condition employed a jittered-frequen
target~in the range 820–1220 Hz! and the D condition em-
ployed a constant-frequency target.

IV. RESULTS

Possible learning effects were checked by examining
slopes of the threshold versus repetition functions. Avera
over the listeners and experiments, these slopes were
tively shallow ~20.38 dB/repetition for the S condition an
20.15 dB/repetition for the D condition!. However, there
was considerable variation in these slopes~the standard de
viations were 2.2 and 1.8 dB/repetition, respectively!. In
general, these data are not adequate to study learning ef
Although for many listeners and many conditions, the lea
ing observed over the last six repetitions~the measurement
used in subsequent analyses! was relatively minor, one cer
tainly cannot claim that asymptotic performance was
proached. As pointed out previously, the issue of training
informational masking is an important one and will requ
substantial future work.

The average amount of masking for each experime
displayed in bar graph form, is shown in Figs. 4 and
Whereas Fig. 4 shows the results averaged over listen
Fig. 5 shows the results for the individual listeners~L1–L5!.
In both figures, the black bars show results for the S con
tion ~target and masker similar! and the white bars for the D
condition ~target and masker dissimilar!. In all cases, the
amount of masking was obtained by subtracting each in
vidual’s unmasked target threshold from their masked thre
old. Unmasked target thresholds ranged from25 to 19 dB
372 J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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SPL for the various listeners and targets. The error bar
Fig. 4 give the standard error over the five listeners wher
the error bars in Fig. 5 give the standard deviation over
six final adaptive runs for each listener.~Standard error was
chosen for Fig. 4 and standard deviation for Fig. 5 for vis
display purposes. Standard deviations for Fig. 4 are obta
by multiplying the results shown byA5. Standard errors for
Fig. 5 are obtained by dividing the results shown byA6.) On
average, the standard deviations across the six repetition
7.1 dB for the S condition and 5.4 dB for the D conditio
The most striking result seen in Fig. 4 is that in all fiv

FIG. 4. Amount of masking~masked threshold minus unmasked thresho!
for the five experiments and two target conditions S and D averaged ove
five listeners. The results for the S condition are shown by black bars;
results for the D condition by white bars. The variation among listener
indicated by the error bars, which show the standard error of the mean

FIG. 5. The same as Fig. 4, except the results are plotted for each of the
listeners L1–L5 in separate panels. Here, the error bars give the stan
deviation about the mean over the six adaptive runs used to estimat
threshold value.
Durlach et al.: Informational masking
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TABLE I. This table shows the means~and standard deviations! for S, D, and S2D across experiments for eac
listener. The last column gives the means~and standard deviations! across listeners.

L1 L2 L3 L4 L5 Mean ~sd!

S 32.6~2.9! 53.9~10.8! 49.0~14.5! 47.3~9.5! 39.8~13.7! 44.5~8.4!
D 28.3~5.2! 27.6~10.6! 24.8~4.2! 31.5~4.6! 26.7~2.3! 27.8~2.5!
S2D 4.4~2.7! 26.3~12.9! 24.2~12.5! 15.8~6.4! 13.2~15.4! 16.8~8.8!
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experiments there is considerably more masking for th
conditions than the D conditions. Given the specific targ
masker parameters used and these specific five listeners
most masking~average of approximately 52 dB! was ob-
tained in the S condition for the Sweep experiment. The le
masking for an S condition was obtained in the MBD expe
ment ~approximately 33 dB!. All of the D conditions pro-
duced less masking than their S counterparts and the o
was somewhat different, with the Spatial experiment prod
ing the most masking~approximately 32 dB! and the MBD
experiment the least~an average of 24 dB!. Despite these
results and their statistical significance~discussed below!,
differences in the actual amount of masking obtained in
various experiments, the relative amount of masking acr
experiments, or the absolute size of the S2D difference will
not be emphasized because of the dependence of these
tities on various arbitrary choices made in the design of
experiments~also discussed below!.

Because listener differences are an important consi
ation~and we certainly do not assume that one can genera
the results obtained on five listeners to the population a
whole!, a three-way ANOVA with listener as a factor wa
performed. The individual threshold estimates were used
the error term. All main effects and interactions were sign
cant. Specifically, the three main factors of listen
@F(4,20)59.97, p50.0001#, experiment @F(4,20)
520.82, p,0.0001#, and target-masker similarity@F(1,5)
52951.3, p,0.0001# were all highly significant, indicating
that each is an important determinant in the amount of ma
ing produced. Perhaps more interesting are the interac
terms. The significant interaction of listener by experime
@F(16,80)510.27, p,0.0001# indicates that the differenc
across experiments depends on listener. The listener
target-masker similarity interaction @F(4,20)519.21,
p,0.0001# indicates that the S vs D distinction also depen
on listener, and the interaction of target-masker simila
and experiment@F(4,20)56.47, p50.0017# indicates that
the S vs D distinction also depends on experiment. T
three-way interaction of listener by experiment by targ
masker similarity @F(16,80)57.44, p,0.0001# indicates
that the S vs D distinction depends on both listener and
periment. These points are elaborated below in connec
with an examination of Figs. 4 and 5.

Looking first at Fig. 4, one sees that the average res
across listeners clearly show the highly significant effect
target-masker similarity, as expected. The significant ef
of experiment is also seen in that the experiments tend
produce different amounts of masking, with this differen
appearing greater in the S condition than in the D conditi
The interaction of experiment and target-masker simila
can be seen in that the effect of experiment is different
, Vol. 114, No. 1, July 2003
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the S and D conditions. It is important to stress here, ho
ever, that a comparison of the amount of masking acr
experiments, or of the release from masking across exp
ments, calculated as S minus D (S2D), has limited meaning
because these values could easily be changed by constru
the S conditions or the D conditions~or both conditions!
differently. For example, of all the experiments performe
the Sweep experiment produces the most masking in th
condition and the greatest release from masking in go
from the S condition to the D condition. However, the resu
for the Sweep experiment could obviously be radica
changed merely by altering the slope of the sweep. Simila
the results for the Duration experiment could be chang
merely by altering the amount by which the target durat
was shortened in the D condition. In general, no effort w
made to equate~across experiments! either the effectiveness
of the various maskers or the strength of the parameters
to produce the release from masking in the D conditio
Thus, in the remainder of this paper, comparisons of
amount of masking across experiments or the amount of
lease from masking across experiments will not be emp
sized. Apart from the main result that in all experiments th
is substantial release from masking in going from the S c
dition to the D condition, what is most interesting to explo
in the data is how performance varied as a function of
listener, i.e., the results shown in Fig. 5.

Among the points to be noted when examining Fig. 5 a
the following. First, as was implied in the average results,
D condition reduces the amount of masking relative to t
obtained in the S condition in essentially all cases. Of the
comparisons between S and D shown in Fig. 5, 24 indica
higher threshold for S than for D~the only exception is in the
MBS experiment for L5!. The mean values for S, D, and
2D ~as well as the standard deviations! across experiments
for each of the listeners~L1–L5! are shown in Table I along
with the average and standard deviation of these mean va
over the listeners. These results show quite clearly that
effect of target-masker similarity depends on listener~an-
other of the significant two-way interactions in the ANOVA!.

Second, not only is the amount of masking for D le
than for S, but the intersubject variation in the amount
masking for D is less than for S. Although this result can
seen in Fig. 5, it is most clearly evident in the last column
Table I. The standard deviation across listeners for D is l
than a third of the value for S~2.5 dB vs 8.4 dB!.

Third, looking across both listeners and experiments
Fig. 5, one sees very large variations in the size of the
2D difference and in the amounts of masking for S and
D. The fact that the amount of masking in each experim
depends on the listener illustrates the significance of the t
way interaction of experiment and listener. Whereas, in so
373Durlach et al.: Informational masking
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TABLE II. This table shows the values of the quantity DP, which is ad8 metric for measuring the difference
between the results for the conditions S and D~taken from the values in Fig. 5!, as well as the mean and
standard deviation of DP across listener~last row! and experiment~last column!. Bolded values are those
differences that would be significant at the 0.05 level using a standardt-test given the Bonferroni correction~the
critical DP value is 2.79, see text!.

Duration Sweep Spatial MBS MBD Mean~sd!

L1 0.32 0.19 2.89 0.89 2.25 1.31~1.2!
L2 10.12 3.94 0.96 4.72 4.03 4.76 ~3.3!
L3 4.64 4.82 3.05 5.10 0.84 3.69~1.8!
L4 2.27 4.30 3.09 3.09 1.22 2.79~1.1!
L5 0.72 8.04 1.53 20.33 1.92 2.38~3.3!

Mean ~sd! 3.61 ~4.0! 4.26 ~2.8! 2.31 ~1.0! 2.69 ~2.4! 2.05 ~1.2!
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cases, the difference S2D is negligible, in other cases it i
nearly 40 dB. The apparent dependence of this difference
both the experiment and the listener clearly reflects the
tistical significance of the three-way interaction of these f
tors mentioned previously.

Fourth, it is evident in Fig. 5 that the variation amon
the error bars is extremely large~they vary by more than a
factor of 10!. In order to take these error bars into accou
when considering the difference S2D, a further analysis was
performed. Specifically, in order to evaluate the S2D differ-
ence quantitatively, thed8 metric DP, where

DP5
M̄S2M̄D

A~sS
21sD

2 !/2
, ~1!

was computed for each experiment and listener. In this
pression,M̄S and M̄D denote the means andsS andsD de-
note the standard deviations for the S and D cases, res
tively. The results of these computations are shown in Ta
II. The bold values in this table indicate the conditions th
are statistically significant at the 0.05 level using a stand
t-test and the Bonferroni correction. The critical value ot
for df510, p50.05 ~corrected top50.05/2550.002) is
4.144, which corresponds to a critical DP of 2.79~in these
calculations DP ist/1.58). According to this conservativ
analysis, roughly half of the DP values are significa
Whereas L2–L4 have three or four significant differenc
L1 and L5 have only one significant difference. Note a
that whereas four of the five listeners show significant diff
ences in the sweep experiment, only one listener has a
nificant difference in the MBD experiment. These same c
clusions can be drawn by looking across the panels of Fi
at each listener or down the columns of the figure at e
experiment. This dependence of the target-masker simila
effect on listener, as well as the dependence of the tar
masker similarity effect on experiment, was confirmed by
significance of both of these two-way interactions in t
ANOVA results. Again, however, the variation of the resu
across experiments must be interpreted with extreme cau
because of the lack of a natural metric for equating the v
ous stimulus alterations used to transform the S conditio
the D condition~the values of DP would undoubtedly chan
if different magnitudes for the parameter manipulations w
used to create the D conditions!. The statistically significant
two-way interaction of experiment and target-masker si
larity would not necessarily remain significant if each D m
oc. Am., Vol. 114, No. 1, July 2003
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nipulation were somehow constructed to produce reducti
in masking that were more equal across experiments.

Fifth, and finally, the results shown in Fig. 5 indicate a
intermediate level of consistency of individual subjec
across experiments~normalized to the level of performanc
of the average subject across experiments in order to fa
out the arbitrary aspect of the interexperiment compariso!.
For example, on the side of consistency, note that whe
L1 has relatively small S2D differences~primarily because
of relatively low values for S!, L2–L4 tend to have relatively
large differences~primarily because of relatively high value
of S!. On the side of inconsistency, however, note how
results for L5 are like those for L1 in the Duration and MB
experiments, but not in the Sweep and Spatial experiment
much fuller and more quantitative analysis of listener cons
tency across experiments and of differences across listen
a significant main effect in the ANOVA results, is present
in the Appendix. According to the results obtained in th
analysis, the S condition is distinguishable from the D co
dition not only by the larger amount of masking and t
larger amount of intersubject variation, but also by an
creased tendency for knowledge of listener identity to i
prove predictive accuracy across experiments. More spe
cally, the rms deviation between the measured amount
masking and the amounts predicted by a simple linear mo
that takes account of listener identity was calculated for b
S and D conditions. To test the model, the obtained r
deviation was compared to the probability distribution of rm
deviations that would occur by chance~i.e., by ignoring lis-
tener identity!. For the S condition, the obtained rms devi
tion ~or smaller! would occur only 3% of the time by chance
indicating a substantial degree of listener consistency ac
experiments. In contrast for the D condition an rms deviat
less than or equal to that obtained by including listener id
tity would occur in 52% of the cases without this knowledg

V. COMPARISONS WITH PREVIOUS DATA

As mentioned in Sec. II, some of these experiments
closely related to experiments reported by Kiddet al. ~1994!
and Neff~1995!. Precise quantitative comparisons with the
previous experiments cannot be made because, aside
differences in the set of listeners employed, there are s
stantial differences in the details of the experiments. For
ample, in the Neff study, unlike our study, a target cue w
Durlach et al.: Informational masking
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always presented prior to each trial. Similarly, in the Ki
et al. multiple-burst experiments, unlike our multiple-bur
experiments, the S condition was transformed into the
condition by altering the masker rather than the target.
addition, in neither study was the set of listeners held fix
across the experiments~thus preventing comparisons amon
studies of listener consistency across experiments!. Never-
theless, to the extent that comparisons can be made a
studies, the results appear relatively consistent. For exam
using both a single-burst paradigm and a four-burst pa
digm, for an eight-component masker in both a spatial
periment and a frequency-jitter experiment, Kiddet al.
~1994! found large differences among listeners, with ma
ing release in the range 0–40 dB~with an average of roughly
15 dB!. Similarly, these same investigators found substan
release from informational masking~on the order of 20 dB!
when the target was presented only during alternate burs
the masker, despite the decrease in target energy in the
nate burst condition. In the Neff~1995! study, signal types
temporal factors, and spatial configuration were studied
function of number of masker components. Even with
presence of a target cue immediately prior to each trial in
experiments ~and trial-by-trial correct-answer feedback!,
substantial informational masking was obtained. Furth
more, and as expected, there was a substantial decrea
masking for most cases in which target-masker dissimila
was introduced~again, differences among listeners were su
stantial!. Relative to the baseline condition of a pure-to
target, AM ~amplitude-modulated! targets, QFM ~quasi-
frequency-modulated! targets, and NBN~narrow-band noise!
targets all showed decreased informational masking~al-
though the QFM targets were least effective for this p
pose!. Most closely related to the experiments reported
this paper are the experiments with ten masker compon
in which the dissimilarity was created by shortening the s
nal duration or using different spatial configurations for t
target and masker. The effect of making the target dura
one-half the masker duration varied between 5 and 25 dB
the four listeners tested. Neff concluded that the durat
manipulations were the most effective and most consisten
reducing the masking caused by masker frequency un
tainty. In that same study, the change in threshold in go
from the monaural~or diotic! presentation for both target an
masker to the case in which the target was presented in
aurally out of phase varied over the range of 10–20 dB.
expected, a ‘‘cross-ear’’ condition in which the masker w
in the ear opposite to the target produced the most rele
from masking although one listener required substan
practice before performance improved. In the spatial exp
ment by Kiddet al. ~1994!, for the case of 4 or 8 maske
components, mean thresholds improved by 12–17 dB in
ing from the monotic to dichotic presentation~signal to one
ear, masker to both ears in phase! for both the MBS and
MBD ~four-burst! conditions, and in going from the MBS t
the MBD presentation for both the monotic and dichotic co
ditions.

For very rough comparisons with these previous da
the results of our experiments can be summarized as sho
the following release-from-masking ranges and means~over
J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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the five listeners!: a range of 6 to 22 dB and mean of 15 d
for Spatial; a range of 1 to 41 dB and mean of 18 dB
Duration; a range of22 to 38 dB and mean of 18 dB fo
MBS; and a range 6 to 19 dB and mean of 9 dB for MB
Because in both the experiments by Kiddet al. ~1994! and
Neff ~1995! the listeners varied across experiments, the
gree of listener consistency across experiments canno
compared among the various sets of data.

VI. CONCLUDING REMARKS

The results reported in this paper, combined with tho
reported in the previous papers discussed above, cle
demonstrate that decreasing target-masker similarity~i.e.,
going from condition S to condition D! tends to reduce the
masking effects of stimulus uncertainty. Also, as in previo
experiments on informational masking, the intersubj
variation is substantial. Furthermore, this variation appe
much larger in the S condition than in the D condition. T
amount of reduction~the threshold for S minus the thresho
for D, S2D) depends both on the type of similarity chan
and on the listener. The results obtained in our experime
suggest that there is considerable structure in the matri
thresholds for the ten different experimental conditio
across the five different listeners. Specifically, in conditio
where the amount of informational masking is reduced
decreasing target-masker similarity, individual differences
performance are relatively modest. In contrast, for conditio
in which target and masker are similar, individual differenc
are large and the relative amounts of masking observed f
particular listener are moderately consistent across exp
ments that use different stimuli and methods of decreas
similarity. One cannot conclude, however, that individu
differences are uniformly large in informational maskin
tasks and small in the reference tasks, or that a partic
listener’s vulnerability to informational masking is rigidl
fixed across tasks. Such a conclusion would not only ov
state the results obtained in this study, but other studie
well. For example, intersubject variability in information
masking tasks involving speech intelligibility seem som
what reduced~Brungart, 2001; Arbogastet al., 2002!. Simi-
larly, in some studies of informational masking, the intersu
ject differences in thresholds for the reference conditions~no
uncertainty!, as well as the informational masking cond
tions, appear quite large~e.g., Wright and Saberi, 1999
Durlachet al., 2003b!.

As indicated previously, it is difficult to draw conclu
sions about the relative potency in combating uncertainty
the different target-masker dissimilarity parameters int
duced to convert the S condition to the D condition beca
of the arbitrary choice of the magnitudes of these parame
and the current lack of an independent metric to meas
target-masker similarity. Despite this deficiency, all five
these particular experiments averaged across these parti
five listeners produced substantial amounts of masking~be-
tween 33 and 52 dB! in the S conditions and large amoun
of release from masking~9 to 23 dB! for the manipulations
used to create the D conditions. Clearly, an important task
the future is to develop a target-masker similarity metric t
can be applied to a wide variety of experimental situation
375Durlach et al.: Informational masking
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A further issue that has not been addressed by the ab
experiments concerns the extent to which the observed
leases from masking caused by the reductions of tar
masker similarity in the various experiments would have
curred even if there had been no uncertainty in the maske
has been implied implicitly by our use of the phrase ‘‘com
bating uncertainty’’ that if there were no uncertainty, the
would be no nonenergetic masking for the decrease in tar
masker similarity to combat. However, it is possible th
even if the masker uncertainty had been totally eliminat
the decrease in target-masker similarity in going from con
tion S to condition D would have caused significant rele
from masking. In order to adequately explore this issue
would have been necessary to measure thresholds for t
and D conditions in each experiment for all frozen exempl
of the random masker. To the extent that the results of
additional ~massive! set of experiments showed a clear r
lease from masking in going from condition S to condition
~and this release from masking were of sufficient magnitu
to rule out explanations in terms of possible changes in
ergetic masking that might have occurred in some of
frozen cases in going from S to D!, one would be forced
either to define informational masking so as to include
fects other than those associated with uncertainty OR to
ognize that there exist types of nonenergetic masking o
than informational masking.@More extended discussion o
such definitional issues is available in Durlachet al.
~2003a!.#

It should also be noted that the data shown in Sec. IV
this paper cannot be compared to a quantitative theory
informational~or nonenergetic! masking because there is n
such theory that now exists that takes quantitative accoun
both masker uncertainty and target-masker similarity. In
der to develop such a theory, it will be necessary to de
both uncertainty and similarity more adequately, determ
improved methods for measuring these factors, and crea
structure for properly integrating the effects of these facto

It should further be noted that for such a theory to
truly successful, it will have to explain the very large ind
vidual differences observed as well as the effects of train
~once these effects have been adequately documented
pirically!. Independent of whether the effects of training a
generally large or small, and independent of the exten
which training tends to reduce the large individual diffe
ences observed, the study of training effects constitutes
essential step in the development of a serious theory.
though individual differences in susceptibility to inform
tional masking are clearly of interest even if such differen
can eventually be ‘‘trained out,’’ the way in which such di
ferences should be modeled will obviously depend on
extent to which, and the manner in which, such ‘‘traini
out’’ can be achieved.

Finally, it should be noted that the stratagem in our
search of focusing on simultaneous informational mask
and temporarily ignoring sequential informational masking
not meant to imply that we believe that the latter area
unimportant or that an acceptable theory of informatio
masking can attend only to the simultaneous case. On
contrary, we believe that the results obtained on seque
376 J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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masking ~including results on individual differences an
training effects! constitute a major building block in the
search for an adequate theory. The area of sequential in
mational masking, and its relationship to simultaneous inf
mational masking, will be considered in later papers.
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APPENDIX: ANALYSIS OF LISTENER CONSISTENCY

One of the goals of the current set of experiments is
quantify the extent to which the large individual differenc
propagate across experiments. For example, if a partic
listener has a very high threshold in the Duration experim
when target and masker have the same duration, does
listener also have a high a threshold in the Sweep experim
when both target and masker are swept in the same d
tion? How well does knowledge of individual performan
in one task predict performance in another task, and is s
individual knowledge more informative for S condition
~where individual differences are large and where inform
tional masking is more important! than for D conditions? To
what extent can individual listeners be characterized sim
by determining their relative susceptibility to information
masking?

To begin to address these questions, we constructe
simple linear model of masking in which there is no intera
tion between the listener and the experiment~i.e., the effects
of listener and experiment are completely separable3!. We
evaluated how well this model predicts the observed thre
olds compared to predictions in which subject identity
ignored as well as predictions in which data were random
permuted to destroy any listener consistency that might e
across experiments. For the S condition, the simple lin
model that includes listener identity is shown to account
variability in the data beyond what one would expect
chance. However, for the D condition, the improvements
the model predictions that take into account listener iden
are no more than would be expected by chance. These
sults, described below, suggest that listener differences
relatively consistent across different tasks when there is s
stantial informational masking, but not when there is lit
informational masking.

In the simple linear model, the amount of masking
particular listener exhibits in a particular experiment is a
sumed to be a sum of two factors: a factor specific to t
experiment and a factor specific to that listener:

M~L,E!2M~L,E!L,E5~M~L,E!L2M~L,E!L,E!

1~M~L,E!E2M~L,E!L,E!, ~A1!
Durlach et al.: Informational masking
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where L denotes the listener and can assume any of the
ues L1,L2,...,L5; E denotes the experiment and can ass
any of the values Duration, Sweep, Spatial, MBS, or MB
M~L,E! denotes the amount of masking~in dB! for listener L
and experiment E~as shown in Fig. 5!; M~L,E!L denotes the
average of M~L,E! over L ~the group mean profile shown i
Fig. 4!; M~L,E!E denotes the average of M~L,E! over E ~as
reported in Table I!; and M~L,E!L,E denotes the average o
M~L,E! over both L and E~the grand mean of all the data a
reported in the last column of Table I!.

Note that by collecting and rearranging terms, Eq.~A1!
can be rewritten simply as

M~L,E!5M~L,E!L1M~L,E!E2M~L,E!L,E. ~A2!

The relationship described by Eqs.~A1! and ~A2! assumes
that the results for listener L can be estimated by add
M~L,E!E ~a constant for each value of L! to the group-mean
profile M~L,E!L, normalized by the overall group mea
M~L,E!L,E. Note, furthermore, that equations~A1! and ~A2!
perfectly describe the data both when performance is
same for all listeners@because then M(L,E)5M~L,E!L and
M~L,E!E5M~L,E!L,E for all L and E# and when performance
is the same for all experiments@because then M(L,E)
5M~L,E!E andM~L,E!L5M~L,E!L,E for all L and E#.

In order to evaluate the extent to which Eq.~A2! repre-
sents the data for both the S and D conditions, the rms
viation between the predicted values of M~L,E! and the mea-
sured values of M~L,E! was computed~separately for S and
D conditions!. The results of this computation, included
Table III, show that the rms deviation for the S condition
7.8 dB and the rms deviation for the D condition is 4.8 dB
instead of using Eq.~A2! to estimate M~L,E!, we used
simply

M~L,E!5M~L,E!L, ~A3!

i.e., we ignored subject differences and just used the gro
mean profile to estimate M~L,E!, then the rms deviations
~also shown in Table III! would have been 10.8 dB for the
condition and 5.3 dB for the D condition. Although in a
absolute sense, the rms deviation between data and pr
tions is larger in the S condition than in the D conditio
subject differences account for a larger percentage of
variation in the S condition@(10.827.8) dB out of 10.8 dB
or 28%# than in the D condition@(5.324.8) dB out of 5.3
dB or 8.6%#.

An alternative way to compare Eqs.~A2! and~A3! is to
calculate the correlations between the predicted and ac
results in each case and determine the percentage of vari
in the data for which the model accounts. These calculati

TABLE III. This table shows the rms deviation~RMS!, correlation~r!, and
correlation squared (r 2) for both the S condition and the D condition for Eq
~A2! and Eq.~A3!.

Model

S condition D condition

RMS r r 2 RMS r r 2

Eq. ~A2! 7.8 0.78 0.61 4.8 0.57 0.33
Eq. ~A3! 10.8 0.49 0.24 5.3 0.43 0.18
J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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~see Table III! show that 24% of the variance is account
for in the S condition and 18% for the D condition when t
mean alone is used@Eq. ~A3!#, but that these values increas
to 61% in the S condition and 33% in the D condition wh
a listener-specific term is included in the predictions@Eq.
~A2!#. Thus, incorporating knowledge of listener identity e
plains 37% more of the variance for the S condition, but o
an additional 15% of the variance in the D condition~com-
pared to using only knowledge of the experiment!.

While these analyses suggest that knowledge of liste
identity improves prediction accuracy, Eq.~A2! has more
degrees of freedom than Eq.~A3!; thus it is not a ‘‘fair’’
comparison. Even if data points for each experiment are r
domly assigned to ‘‘pseudo-listeners’’@rather than grouping
the data by actual listeners in calculatingM~L,E!E], the rms
deviation will always decrease using the more-comp
model @Eq. ~A2!# compared to the experiment-only mod
@Eq. ~A3!#. In order to obtain better insight into this issue,
boot-strapping method was used to determine the exten
which, for the data points we were fitting, the observed i
provements in the model predictions is more likely to ar
by chance than from the actual listener-specific characte
tics. More specifically, in order to assess whether these
provements are better than expected by chance, we d
mined how often random permutations of the measured d
lead to better predictions than the predictions based
grouping the data by listener. In other words, predictio
using Eq.~A2! were compared to the results obtained wh
the correspondence between listeners and the measured
ues of M~L,E! were randomized. In this analysis, we~a!
constructed results for randomized pseudo listeners by
domizing the correspondence between L and M~L,E! ~subject
only to the constraint that the experiment E was held fixed
the randomization!; ~b! calculated the rms deviation for eac
such randomization in the same manner as described p
ously; ~c! performed 10 000 such randomizations and rm
deviation computations; and~d! used these results to est
mate the probability density of the rms deviations for the
randomized pseudo listeners.

The results of this analysis are shown in Fig. 6. For ea
of the conditions S and D, the figure shows both the r
deviation obtained with the real listeners~represented by the
dashed vertical lines! and the estimated probability densi

FIG. 6. Consistency of listeners across experiments. The figure show
rms deviation between data and model for the both real listeners~dashed
vertical line! and the pseudo listeners~probability density! for the S condi-
tion ~left panel! and the D condition~right panel!. See text for details.
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of the rms deviation for the pseudo listeners.4 We also cal-
culated the probabilityp of achieving an rms deviation with
the pseudo listeners that is less than or equal to the ac
rms deviation achieved with the real listeners~i.e., of achiev-
ing the actual rms deviation by chance!. This quantity was
calculated by estimating the area under the probability d
sity functions to the left of the vertical line in Fig. 6. A
shown, the probability of achieving this good a fit by chan
is less than 3% in the S condition but is roughly 50% in t
D condition. From this analysis, we conclude that compa
to the D condition~in which the amount of informationa
masking is small!, the results for the S condition~in which
the amount of informational masking is large! show not only
relatively large intersubject differences~see Table I!, but also
at least a modest degree of consistency across experim
To what extent these results would continue to hold for ot
subjects and other experimental conditions is, of course,
known.

Finally, it should be noted that although the relative
large rms deviations for the real listeners~7.8 dB for S and
4.8 dB for D! indicate that the model expressed by Eq.~A2!
is far from perfect, even if the model were perfect these r
deviations would necessarily be substantially greater t
zero because of the intrinsic noisiness of the M~L,E! mea-
surements. In particular, note that if one averages the s
dard deviations of these measurements~displayed by the er-
ror bars in Fig. 5! across listeners and experiments, t
results are 7.1 dB for condition S and 5.4 dB for condition
~corresponding to standard errors of 2.9 dB and 2.2 dB,
spectively!. With these numbers in mind, the rms deviatio
of 7.8 dB for S and 4.8 dB for D do not look so large.5 In
addition, more general models of listener consistency ac
experiments~nonlinear models, models incorporating para
eters such as age, musical experience, etc.! may be more
appropriate descriptions of how listener differences influe
masking.6 This simple linear representation was chosen
cause of its intuitive appeal and simplicity, not because
believe it represents the ‘‘correct’’ model of how listener d
ferences propagate across experiments.

Overall, we interpret our results as confirming~1! the
existence of large intersubject differences in susceptibility
informational masking and~2! substantial, but far from per
fect, intrasubject consistency in susceptibility to inform
tional masking across different types of informational ma
ing experiments.

1It should be noted that we do not necessarily equate perceptual groupin~or
fusion! with masking@see Bregman~1990! for a detailed discussion of this
topic#. However, there is considerable evidence that when a target is
ceptually grouped with an informational masker, the target is generally
detectable than when the stimuli are manipulated to promote segrega

2The concept of masking due to perceptual similarity has been noted in
speech literature beginning at least with Eganet al. ~1954! who distin-
guished between masking and ‘‘confusion.’’ Note also the close relation
between the terms ‘‘perceptual masking’’@as used by Carhartet al. ~1969!#
and ‘‘informational masking’’~as used by Freyman and colleagues a
Brungart and colleagues in their recent speech-masking work!.

3We realize that our data show some interaction between listener and
periment. This interaction is evident both when looking at Fig. 5 and w
considering the results of the ANOVA. Nevertheless, it also appears
this interaction is sufficiently modest to warrant examination of liste
consistency across experiments.
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4Despite that fact that we refer to these randomizations as ‘‘pseu
listeners,’’ it should be noted that they represent 10 000 variations of
values taken 5 at a time from the actual data obtained from only
listeners. This analysis is designed to examine whether the variations
served across the specific listeners used in this experiment are rando
whether there are consistent differences among the results for these
particular subjects. This analysis isnot equivalent to determining the varia
tion that would be obtained if we actually observed 10 000 real listen
but only considers whether the observed variation in the 25 data point
obtained is purely random or has some listener-specific structure.

5A rigorous evaluation of the model represented by Eq.~A2! would require
modifying the computations underlying the results shown in Fig. 6 in s
a way that the measurement noise is taken into account for both the
listeners and the pseudo listeners. We believe, however, that such a m
fication would add considerable complexity without providing much ad
tional insight beyond that obtained with the simplified model used to de
the results shown in Fig. 6.

6A more general concept of listener consistency might require only tha
and E be separable in the sense that functions H, f, and g exist such
M~L,E! can be well estimated by the equation M(L,E)5H(f(L),g(E)). In
the model used in this paper@and ignoring the constantM~L,E!L,E], H
merely adds f~L! and g~E!, and f~L! and g~E! are chosen simply to equa
M~L,E!E and M~L,E!L, respectively. There is no guarantee, however, t
this simple linear estimate is the best that could be found.
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