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sary or a suf®cient condition to produce nonenergetic mask-
ing, there is no doubt that stimulus uncertainty can produce
large amounts of such masking under a wide variety of con-
ditions. Further comments on some of these conceptual is-
sues are available in Durlachet al. ~2003a!.

In this paper, we report the results of a series of detec-
tion experiments~involving tonal targets and random multi-
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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
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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
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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-
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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
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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
r
e
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Downloade
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
d 21 Mar 2011 to 168.122.66.241. Redistribution subject to ASA license or
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 copyright; see http://asadl.org/journals/doc/ASALIB-home/info/terms.jsp
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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 approasking
S
t-
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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~
on
a-
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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
D
n
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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
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e-
t-
-
It

et-
t
,

i-
e
it

S
s
is

e
n-
e

-



v
um
D

n

f
s

in

n

th

d

in
is

. I

u

S
n
ed
n
th

tu
at
on

ed
he
e

en

x-
nly

ner

an-

lex
el
a
t to
m-
ise
ris-
im-
eter-
ata
on

ns
en

val-

ran-

in
h
revi-
s-

i-
se

ch
ms

ty
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
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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



of the rms deviation for the pseudo listeners.4



us

-

’’

m

Neff, D. L. ~1995!. ‘‘Signal properties that reduce masking by simultaneo
random-frequency maskers,’’ J. Acoust. Soc. Am.98, 1909–1920.

Neff, D. L., and Callaghan, B. P.~1987!. Auditory Processing of Complex
Sounds, edited by W. A. Yost and C. S. Watson~Erlbaum, Hillsdale, NJ!,
pp. 37–46.

Neff, D. L., and Green, D. M.~1987!. ‘‘Masking produced by spectral un
certainty with multicomponent maskers,’’ Percept. Psychophys.41, 409–
415.

Neff, D. L., and Dethlefs, T. M.~1995!. ‘‘Individual differences in simulta-
neous masking with random-frequency, multicomponent maskers,
Acoust. Soc. Am.98, 125–134.

Neff, D. L., Dethlefs, T. M., and Jesteadt, W.~1993!. ‘‘Informational mask-
ing for multicomponent maskers with spectral gaps,’’ J. Acoust. Soc. A
94, 3112–3126.

Oh, E. L., and Lutfi, R. A.~1998!. ‘‘Nonmonotonicity of informational
masking,’’ J. Acoust. Soc. Am.104
,

J.

.


