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Informational masking~IM ! refers to elevations in signal threshold caused by masker uncertainty.
The purpose of this study was to investigate two factors expected to influence IM in
hearing-impaired listeners. Masked thresholds for a 2000-Hz signal in the presence of simultaneous
multitone maskers were measured in 16 normal-hearing~NH! and 9 hearing-impaired~HI! listeners.
The maskers were 70 dB SPL average total power and were comprised of fixed-frequency
components between 522 and 8346 Hz that were separated from each other by at least1

3 oct and from
the signal by at least23 octs. Masker uncertainty was manipulated by randomly presenting each
masker component with probabilityp50.1,0.2,...,0.9, or 1.0 across different trial blocks. Energetic
masking was estimated as the amount of masking forp51.0, where masker uncertainty was
minimum. IM was estimated as the amount of masking in excess of energetic masking. Decision
weights were estimated by a regression of the listener’s yes/no responses against the presence or
absence of the signal and masker components. The decision weights and sensation levels~SLs! of
the stimulus components were incorporated as factors in a model that predicts individual differences
in IM based on the level variance~in dB! at the output of independent auditory filters@Lutfi, J.
Acoust. Soc. Am.94, 748–758~1993!#. The results showed much individual variability in IM for
the NH listeners~over 40 dB!, but little IM for most HI listeners. When masker components were
presented to a group of NH listeners at SLs similar to the HI listeners, IM was also similar to the
HI listeners. IM was also similar for both groups when the level per masker component was 10 dB
SL. These results suggest that reduced masker SLs for HI listeners decrease IM by effectively
reducing masker variance. Weighting efficiencies, computed by comparing each listener’s pattern of
weights to that of an ideal analytic listener, were a good predictor of individual differences in IM
among the NH listeners. For the HI listeners weighting efficiency and IM were unrelated because of
the large variation in masker SLs among individual listeners, the small variance in IM, and perhaps
because broadened auditory filters in some listeners increased the covariance in auditory filter
outputs. © 2004 Acoustical Society of America.@DOI: 10.1121/1.1784437#

PACS numbers: 43.66.Ba, 43.66.Dc, 43.66.Sr@GK# Pages: 2234–2247
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I. INTRODUCTION

Informational masking~IM ! is the term often used to
refer to elevations in signal threshold that cannot be att
uted to the energy-based masking at the filters of the audi
periphery. One factor known to produce considera
amounts of IM is uncertainty regarding the spectral prop
ties of the masker. According to this view, IM can be qua
tified by the difference in masked threshold for mask
whose properties vary unpredictably from trial to trial a
maskers with unvarying properties~cf. Watsonet al., 1976!.
Since signal detection for the latter type of masker is limi
primarily by energetic masking, IM is equivalent to the r
sidual amount of masking after accounting for the contrib
tion of energetic masking:

IM5TM2EM, ~1!

a!Portions of this research were presented at the 25th and 26th Midw
Research Meetings of the Association for Research in Otolaryngology
Petersburg Beach, FL, January 2002@Assoc. Res. Otolaryngol. Abs.: 180#;
Daytona Beach, FL, February 2003@Assoc. Res. Otolaryngol. Abs.: 115#.

b!Electronic mail: jmalexal@wisc.edu
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where TM is the total masking and EM is the energe
masking, all in dB~cf. Lutfi, 1990!.

For multitone maskers with random frequencies, pu
tone detection thresholds can be elevated by 50 dB
normal-hearing~NH! adult listeners~Neff and Green, 1987;
Neff and Dethlefs, 1995; Oh and Lutfi, 1998! or greater for
preschool children~Allen and Wightman, 1995; Ohet al.,
2001; Lutfiet al., 2003b; Wightmanet al., 2003!. Compared
to these groups, relatively little is known about the facto
that influence IM in hearing-impaired~HI! listeners. To the
authors’ knowledge, only three other studies~Kidd et al.,
2001; Doherty and Lutfi, 1999; Micheylet al., 2000! have
investigated IM for a pure-tone signal in HI listeners.

Kidd et al. ~2001! adapted the levels of random
frequency multitone maskers in a two-interval, forced-cho
procedure to obtain the signal-to-masker ratio at mas
threshold in NH and HI listeners. The signal was a seque
of eight contiguous 60-ms tone bursts at 750 or 1000 Hz
was fixed at 20 dB above the signal threshold in quiet. T
maskers consisted of two sets of tone bursts, one set be
and one set above the signal frequency, and were pla
synchronously with the eight signal bursts. For t

er
t.
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‘‘multiple-bursts different’’~MBD! maskers, the frequencie
of the masker bursts varied from burst to burst within each
the two trial intervals. For the ‘‘multiple-burst same’’~MBS!
maskers, the masker bursts were kept at constant freque
within each interval, like the signal, but were varied acro
the two intervals in each trial. Kiddet al. hypothesized tha
the signal would perceptually segregate from the MB
maskers since their spectral-temporal properties were di
ent from the signal, thereby lowering detection thresholds
was found that the signal-to-masker ratio increased for b
types of maskers as hearing loss for the signal increased
that this factor accounted for most of the variance in
masked thresholds. The signal-to-masker ratios for the M
maskers were high even for the NH listeners and increa
only slightly as a function of hearing loss. The signal-t
masker ratios for the MBD maskers were much less t
they were for the MBS maskers for both groups, but stea
increased with increasing hearing loss so that the differe
between the two masker types was minimal for the listen
with the greatest amounts of hearing loss. Kiddet al. specu-
lated that the relative increase in signal-to-masker ratios
the MBD maskers with increasing amounts of hearing l
for the signal signified that ‘‘hearing loss adversely affe
the ability to listen analytically’’ ~p. 118!.

To listen analytically a listener must attend to a spec
target feature of the stimulus~signal! and ignore all other
nontarget features~maskers!. Analytic listening can be opera
tionally described by decision weights that denote the e
phasis or attention that each feature is given in a listen
decision. This provides a quantitative method for describ
and comparing different listening strategies. For a speci
stimulus parameter, frequency in this case, decision wei
are analogous to an attentional filter; spectral regions gi
greater weight will tend to have greater influence on a list
er’s decision than those given less weight. Decision weig
are often estimated by correlation or multivariate regress
coefficients that describe the relationship between the lis
er’s responses and the properties of the stimulus ensem
assuming a particular decision model~cf. Berg, 1989; Lutfi,
1995; Richards and Zhu, 1994!.

In order to describe the association between the mas
threshold for a random-frequency masker and decis
weights, we adopt a theoretical framework in which the l
tener is assumed to make decisions about the presenc
absence of the signal by forming a weighted sum of
output of independent auditory filters~Lutfi, 1993!. Using
sensation level, SL~dB above threshold in quiet!, as the filter
output, the decision variable,D, is

D5(
i 51

n

wiSLi , ~2!

where i corresponds to individual signal and masker ton
and wherewi represents the decision weights. In this equ
tion, weights and SLs are both linearly related toD so that if
a masker component is half the SL of another masker c
ponent but is given twice as much weight, then both com
nents will have an equal effect on the magnitude and
variance ofD. For a yes/no task it is assumed that the liste
responds ‘‘yes’’ if and only ifD exceeds some constant in
J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004
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ternal criterion,C, and responds ‘‘no’’ otherwise. Models o
this type have proven quite successful in predicting
amount of IM obtained in conditions like those of the prese
study ~Lutfi, 1992, 1993; Oh and Lutfi, 1998; Lutfiet al.,
2003b; Wright and Saberi, 1999; Richardset al., 2002; Tang
and Richards, 2002!.

One such model is the component relative entro
~CoRE! model ~Lutfi, 1993!. Oh and Lutfi ~1998! develop
specific predictions from this model for the case in which t
masker is a combination of tones with random frequenc
The prediction is that IM will be proportional to the standa
deviations in level ~dB! at the output of a typical auditory
filter,

IM>d8Ans, ~3!

whered8 is the index of sensitivity andn is a free paramete
representing the number of independent auditory filters
sumed to be involved in a listener’s decision. In this stu
the contribution of independent auditory filters~given byn!
is obtained directly fromwi , rather than treated as a fre
parameter. The standard deviation of filter outputs, moreo
is derived from the SLs of the individual masker compone
so that the predicted amount of IM is then given by

IM>d8A( wi
2SLi

2s. ~4!

From Eq.~4! it is apparent that increasing the weights and
the SLs of masker components also increases the stan
deviation of the decision variable, which increases
amount of IM.

The ability to listen ‘‘analytically’’ in this context can be
evaluated by comparing a listener’s decision weights to th
of an ideal observer—an observer that would give a wei
of one to the signal and zero weight to all masker com
nents. Berg~1990! describes a weighting efficiency measu
that represents the degree to which a listener’s weights
proaches the ideal weights. In a task in which listeners d
criminated the difference in level of a designated signal to
in the presence of level-varying nonsignal tones, Dohe
and Lutfi ~1999! found that weighting efficiency for listener
with mild to moderate, sloping hearing loss tended to
crease as the frequency of the signal and the amount of h
ing loss increased. If maskers in a region of hearing l
receive greater weight, as these results indicate, then
amount of IM is expected to be larger.

The influence of SL on IM is inferred from a study b
Micheyl et al. ~2000!. Micheyl and colleagues found tha
under certain circumstances HI listeners had lower mas
thresholds for random-frequency multitone maskers than
listeners. They measured masked threshold for a 1000
signal in listeners with normal hearing and in listeners w
symmetric or asymmetric hearing losses~i.e., same or differ-
ent amounts of hearing loss for the two ears!. The signal was
gated on and off with four-tone maskers whose frequenc
were pseudo-randomly selected from six possible fixed
quencies. For listeners with symmetric hearing loss,
masker levels were set to 40 dB SL. For listeners with asy
metric hearing loss, the masker levels were set to 40 dB
in the better ear and adjusted for equal loudness in the
2235J. M. Alexander and R. A. Lutfi: Informational masking
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with greater hearing loss. Micheylet al. found that there was
not a statistically significant difference in the masked thre
olds between the listeners with normal hearing, the listen
with symmetric hearing loss, and the better-hearing ea
those with asymmetric hearing loss. However, in the asy
metric hearing loss group, masked thresholds for the e
with a greater degree of hearing loss were significantlyless
than they were for the better-hearing ears and were sig
cantly less than they were for the NH listeners. Miche
et al. suggested that these differences might be due to
loudness balancing procedure used to adjust the masker
els for the listeners with asymmetrical hearing loss. Beca
of loudness recruitment, the SLs of the maskers were lo
and averaged only 20 dB SL compared to 40 dB SL in
better-hearing ears. These outcomes support the hypot
that IM is dependent on masker SLs.

In summary, the literature suggests two different int
pretations for the difference in susceptibility of NH and H
listeners to IM. Kiddet al. ~2001! suggest that HI listener
might have a specific deficit when analytically listening fo
signal amongst a group of maskers with similar spect
temporal characteristics. In terms of decision weights,
suggests that HI listeners might have less efficient weigh
strategies when detecting a signal tone in a group of r
domly occurring masker tones. The results of Micheylet al.
~2000!, however, suggest that HI listeners might have low
amounts of IM because the SLs of the masker compon
will be less in regions of hearing loss, effectively reduci
masker uncertainty. We test these interpretations in the
lowing experiments.

II. EXPERIMENT I: EQUAL-SPL MASKER
COMPONENTS

A. Method

1. Listeners

Sixteen NH listeners~3 males and 13 females! between
the ages of 19 and 24 years, including the first aut
~NH14!, and nine HI listeners~1 male and 8 females! be-
tween the ages of 23 and 79 years~median age of 35 years!
completed the study.1 Hearing losses were assumed to
primarily sensorineural since none of the HI listeners had
air-bone gap~i.e., a difference between air conduction a
bone conduction thresholds! greater than 10 dB between 50
and 4000 Hz in the test ear. For all HI listeners, the exten
sensorineural hearing loss was about the same for both
except for listener HI8 who had a mild sensorineural hear
loss in the nontest ear and a moderate hearing loss in the
ear. Each listener used the right ear for the experiments,
cept for HI8 who used the left ear.

2. Stimuli

The signal and masker were computer generated wi
40-kHz sampling rate using the MATLAB® programmin
language~The MathWorks, Inc.! and a 16-bit sound card
~Sound Blaster™ audio card; Creative Technology, Ltd.! be-
fore being passed through a programmable attenu
~Tucker-Davis Technologies, PA4!. All stimuli were pre-
sented monaurally through a Sennheiser HD 520~II !
2236 J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004
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earphone.2 The signal was a 2000-Hz tone that occurred w
a probability ofp50.5 on the single interval trial and wa
gated on and off synchronously with the maskers with 10-
cos2 onset/offset ramps for a total duration of 300 ms. O
every trial, the phase of the signal and of each masker c
ponent was randomly selected from a rectangular distribu
~0–2p rad!.

The maskers were designed to simplify assumptio
about the processing occurring at the auditory periphery
order to limit the amount of energetic masking, the freque
cies of the masker components were remote from the sig
frequency and only a small number of components w
used. Furthermore, the masker components were separat
frequency from one another so that they would occur
largely independent auditory filters. The masker compone
were ten randomly occurring, fixed-frequency tones se
rated by 1/3 oct in the range from 522 to 8346 Hz~522, 657,
828, 1043, 1314, 3312, 4173, 5258, 6624, 8346!, excluding
the 2/3-oct region on either side of the signal so as to furt
limit the amount of energetic masking~cf. Neff and Green,
1987; Neff and Callaghan, 1988!. Uncertainty or variability
in the masker ensemble was created by independently v
ing the nominal probability of occurrence, p
50.1,0.2,...,0.9, or 1.0, of each masker component.3 Since
the masker components were either on or off, the analyt
approximation for the standard deviation term in Eq.~4! is
given by the standard deviation of the binomial distributio
sb5Ap(12p).

The level of each masker component was adjusted
that the expected total power of the masker ensemble wi
the block of trials was always 70 dB SPL:

I i570210 log10~10p!, ~5!

whereI i is the intensity level of each masker component
dB SPL andp is the probability of occurrence for eac
masker component for a given trial. Within a block of tria
both I i and p were kept constant. Listeners HI1, HI6, an
HI7 could not detect the signal above chance with
maskers at these levels. For these three listeners the ma
levels were lowered by 10 dB so that average total powe
the maskers was 60 dB SPL. Since the number of com
nents in the masker complex and the actual total power
ied from trial to trial, neither could be used as a reliable c
for signal detection.

3. Procedure

Listeners ran the experiments individually while seat
in a double-walled, sound-attenuated chamber. A sing
interval, yes/no procedure with visual feedback was used
estimate masked threshold for the signal in the presenc
the multitone maskers. With this procedure, decision weig
can be estimated by correlating a listener’s yes/no respo
with the presence/absence of the tones in the single inte
~see the next section!. The signal levels were adapted using
two-down, one-up decision rule which estimates the 70.
point on the psychometric function~Levitt, 1971!. The signal
level was limited so that the combined total power of t
signal and maskers was no greater than 90 dB SPL. W
listeners reached this level and responded incorrectly,
J. M. Alexander and R. A. Lutfi: Informational masking
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TABLE I. For the test ears of the individual HI listeners, quiet thresholds for the masker components and the 2000-Hz signal in dB SPL are provid
with their age. The mean quiet thresholds and standard deviations for the HI and NH listeners are also listed.

Listener Age

Frequency~Hz!

522 657 828 1043 1314 2000 3312 4173 5258 6624 8346

HI1 21 49.2 50.9 44.5 36.6 31.6 39.3 19.5 20.8 27.2 31.3 35.2
HI2 23 38.2 39.8 39.9 38.0 33.2 41.7 38.3 33.8 31.9 46.2 61.0
HI3 35 18.4 19.6 18.8 9.6 17.7 4.7 10.5 24.8 42.7 62.5 65.6
HI4 46 31.9 44.0 55.4 55.8 50.8 47.2 39.0 33.1 38.5 40.6 41.4
HI5 41 34.1 37.5 38.8 49.6 55.1 50.8 42.1 43.2 47.6 70.8 74.1
HI6 28 39.9 41.8 44.1 50.8 67.0 70.8 60.8 76.5 77.5 76.5 87.0
HI7 76 31.8 35.7 34.4 34.2 34.2 42.1 45.8 51.9 60.8 71.3 85.7
HI8 41 71.8 78.3 71.1 70.6 61.8 47.8 45.6 31.0 22.2 38.8 47.0
HI9 28 52.5 61.7 59.9 66.4 64.1 64.5 48.8 49.5 52.4 59.6 71.1

Mean HI 37.7 40.9 45.5 45.2 45.7 46.2 45.4 39.0 40.5 44.5 55.3 63.
SD HI 16.8 15.3 16.8 15.3 18.6 17.4 18.6 15.3 17.1 17.4 16.5 18.7

Mean NH 21.6 20.5 22.8 16.2 14.0 14.2 5.6 20.3 6.3 7.3 15.7 24.4
SD NH 1.6 4.2 4.2 3.2 6.6 7.0 6.6 5.2 4.4 5.8 7.7 8.7
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adaptive track remained constant until the listener obtai
two consecutive correct responses.4 Each trial block con-
sisted of 12 reversals in the adaptive track and started
an initial step size of 4 dB that was reduced to 2 dB after
third reversal. Threshold for each block was determined
averaging the levels of the final eight reversals.

The masked threshold for each probability condition w
determined by the mean masked threshold for five cons
tive blocks of trials. Initial starting levels for each conditio
were 10 dB above the masked threshold estimated from
least one block of practice trials. Subsequent starting le
were set to 10 dB above the running average of all previ
blocks. Each experimental session lasted about 45 min
consisted of one block of trials for each probability con
tion, the order of which was randomly permutated for ea
session for each listener. To minimize practice-effects
block of trials for each probability condition was run as pra
tice and was repeated until the listener could consiste
perform above chance. Furthermore, the signal was
sented in quiet before the start of every block to remind
listener of the signal characteristics.

Before masked thresholds were estimated, quiet thre
olds for one block of trials were estimated for the signal a
for each masker tone using the same response-feedback
cedure described above. After completion of the IM expe
ment, quiet threshold estimates for two more trial bloc
were obtained. Quiet threshold for each tone was based
the mean across the three trial blocks. Table I shows the q
thresholds for each of the individual HI listeners along w
their age. The mean quiet thresholds and standard devia
for the HI and NH listeners are also provided in Table I. T
SLs of the signal and masker components for every trial w
computed by subtracting the quiet threshold from the pres
tation level, which depended onp @cf. Eq. ~5!#.

4. Analyses

Experimental conditions in which the probability of o
currence for each masker component was less thanp51.0
were considered to be the IM conditions because the spe
composition of the masker was uncertain from trial to tri
J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004
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The amount of IM in these conditions was obtained by s
tracting the estimated proportion of masking attributable
energetic masking@cf. Eq. ~1!#. One way to estimate the
amount of energetic masking in this experiment is to m
sure signal threshold for each possible masker in isola
without uncertainty. The number of possible maskers ma
this approach impractical. We have chosen instead to take
amount of masking for thep51.0 condition as our estimat
of energetic masking since the masker composition for
condition was constant from trial to trial. Because the tails
the auditory filters are thought to be relatively flat for fr
quencies remote from the signal~Patterson and Green, 1978
Pattersonet al., 1982! and because the average total pow
of the masker complex was constant for all the probabi
conditions, the average amount of masker energy falling
the auditory filter centered on the signal frequency~the
amount of energetic masking! is also assumed to be rough
constant for all the probability conditions.

Predictions for IM were based on the analytical expr
sion in Eq.~4! except that the standard deviation term w
empirically derived from the actual trial-by-trial standard d
viation of the decision variable values@cf. Eq. ~2!# for trials
in which the signal was absent.5 Similarly, d8 was empiri-
cally derived from the difference in a listener’sZ-scores for
the hit and false-alarm rates across all conditions and blo

It is assumed that a listener adopted the same weigh
strategy throughout the experiment and that weights w
fixed across the probability conditions~Lutfi et al., 2003a!.
The weights in Eq.~4! were estimated by a logistic regre
sion of a listener’s trial-by-trial responses against the SLs
the signal and masker components taken across all co
tions exceptp51.0 ~cf. Richards and Zhu, 1994; Lutfi
1995!.6 Variation in masker SL arises because masker
was adjusted for each condition to maintain a constant a
age total power@cf. Eq. ~5!#. The variation in signal SLs
arises because signal level was varied in the adaptive thr
old track. When components were ‘‘off’’ for a given trial, S
was set to 0.

As has been done in past studies, the weights are
malized so that their magnitudes sum to unity~cf. Berg,
2237J. M. Alexander and R. A. Lutfi: Informational masking
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FIG. 1. Masked thresholds for the NH
listeners are shown as a function of th
probability of occurrence of the indi-
vidual masker components. Circle
represent the mean masked thresho
for five trial blocks and the error bars
represent the 95% confidence inte
vals. Listeners are arranged in de
scending order from left-to-right, top-
to-bottom according to the amount o
IM at p50.5. The last panel provides
the overall group mean and 95% con
fidence intervals. The amount o
masking is represented by the diffe
ence between the masked thresho
and the quiet threshold for the signa
~the dash-dot line!. The dashed line
represents masked threshold corr
sponding to energetic masking. Th
difference between the circles and th
energetic masking line is the estimate
amount of IM. The solid line is the
CoRE model prediction and the ope
square is the adjusted CoRE mod
prediction forp50.1 ~see footnote 9!.
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1990; Lutfi, 1992; Doherty and Lutfi, 1996, 1999; Willih
nganzet al., 1997; Stellmacket al., 1997!. Model predic-
tions are the same for different normalization procedure
the raw regression coefficients for the signal and mas
components are all multiplied by the same constant~e.g.,
normalizing with respect to the signal weight!. We chose this
particular normalization procedure so that the values can
interpreted as theproportional weight that the listeners de
vote to each component. Weighting efficiency for each
tener was determined by computing the root-mean-squ
~rms! of the difference between the obtained normaliz
weights and the normalized weights of an ideal analytic
tener in which the signal weight is 1 and the mask
component weights are 0~cf. Dai and Berg, 1992; Willih-
nganz et al., 1997; Stellmacket al., 1997!.7 We define
weighting efficiency as 1–rms so that efficiency ranges fr
2238 J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004
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0 ~listener always attends to the wrong auditory filter! to 1
~listener attends only to the signal!.

B. Results

1. Information masking

a. Masked thresholds as a function of p. Figures 1 and 2
show the mean masked thresholds~dB SPL! for five blocks
of trials as a function of the masker-component probabi
of occurrence for the NH and HI listeners, respectively. T
listeners in each figure are arranged from left-to-right, to
to-bottom in descending order of the amount of IM observ
at p50.5, where masker uncertainty is predicted to be gre
est. The estimate of energetic masking for all conditions
represented by the amount of masking atp51.0, that is, the
masked threshold atp51.0 ~the dashed line! minus the quiet
J. M. Alexander and R. A. Lutfi: Informational masking
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threshold for the signal~the dash-dot line!. IM for p,1.0 is
estimated by the difference between the masked thresh
~circles with 95% confidence intervals! and the dashed line
for p51.0. The last panel in each figure shows the ove
group means with 95% confidence intervals.

For NH listeners masked thresholds for thep51.0 con-
dition ranged from 14.5 to 52.3 dB SPL. Such variability
quite uncharacteristic of what is commonly taken to be
ergetic masking~cf. Pattersonet al., 1982!. A possible expla-
nation for the large individual differences is that they refle
a perceptual grouping effect for some listeners in which
pure-tone signal is judged to be absent because it is
ceived as belonging to the multitone masker. Such effe
have been described in similar conditions by Kiddet al.
~1994, 2001, 2002!. If the masked thresholds forp51.0 do
not reflect the exclusive contribution of energetic maski
they still appear to represent a lower limit on masked thre
olds for the other masking conditions. Note that the mask
functions forp,1.0 often collapse on the dashed line rep
senting the masked threshold forp51.0 and, with the excep
tion of the p50.1 condition, individual masked threshold
rarely fall significantly below this line. For this reason w
will continue to express the amount of IM relative to thep

FIG. 2. Masked thresholds for the HI listeners plotted in the same mann
Fig. 1.
J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004
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51.0 condition, recognizing that this may be an undere
mate of the amount of IM relative to the amount energe
masking. Some further comments, however, are in order
p50.1 condition. With a few exceptions~NH6, NH11, and
HI4!, little or no IM was obtained in this condition. Thi
condition is somewhat unusual in that zero or one mas
components were present on about 75% of the trials. Se
of the NH and seven of the HI listeners had masked thre
olds for p50.1 that were not statistically different from th
masked threshold atp51.0 ~the minimal uncertainty condi-
tion!, possibly indicating that masker uncertainty was virt
ally nonexistent for this condition.~For an alternative expla
nation, see footnote 9.!

Compared to the NH listeners, the HI listeners in Fig
appear to have lower amounts of IM. Atp50.5, NH listeners
on average have about 8 dB more IM~M519.3 dB, SD
514.8! than HI listeners~M511.5 dB, SD512.0!, however,
this difference is not statistically significant,t(23)51.34, p
50.19. Notice that the masking function for HI3 is similar
the masking functions of the NH listeners who show mod
ate to large amounts of IM. This is also the only HI listen
whose hearing loss was confined to regions above 2000
with normal hearing for the 2000-Hz signal and all th
masker components below it. When the listeners with norm
hearing for the signal frequency, including HI3, are co
pared to those with a hearing loss for the signal frequen
then the means are 20.4 dB~SD515.0! and 8.2 dB~SD
57.0!, respectively. Listeners who have a hearing loss for
signal frequency have significantly less IM~12.2 dB! than
those who have normal hearing for the signal frequen
t(23)52.18,p50.04.

The amount of IM is quite variable among listeners
both groups, ranging from20.5 to 42.8 dB atp50.5 for the
NH group and from22.9 to 38.3 for the HI group.8 This
range of individual differences is comparable to that of oth
IM studies~Neff and Green, 1987; Neff and Dethlefs, 199
Oh and Lutfi, 1998!. Although individual differences in IM
are more appropriately described by a continuous func
~Lutfi et al., 2003b!, it is often convenient to describe listen
ers who show little or no IM as ‘‘analytic’’ or ‘‘low-
threshold’’ listeners and those who are susceptible to IM
‘‘holistic’’ or ‘‘high-threshold’’ listeners ~Neff et al., 1993!.
Listeners who show either high or low amounts of IM we
distinguished by using an arbitrary criterion of 10 dB of I
at p50.5. The mean masked thresholds for the high- a
low-threshold listeners are shown in Fig. 3 for both the N
and HI listeners.

For the NH listeners (n510) and HI listeners (n54)
who show high amounts of IM, panels~a! and~b! of Fig. 3,
the masked thresholds depend onp. For these listeners, ther
is a broad maximum of IM betweenp50.3 and 0.5, the
points where variance in the masker ensemble~predicted
masker uncertainty! are greatest. In addition, IM is greate
for lower probability conditions than for higher probabilit
conditions even though the standard deviation of the bi
mial distribution on which the predictions are based is sy
metric. One likely reason for this is that the level per mas
component~SL! increased as the probability of occurren
decreased in order to keep the expected total po

as
2239J. M. Alexander and R. A. Lutfi: Informational masking



the mean

FIG. 3. Mean masked thresholds for the NH~circles! and HI listeners~triangles! plotted separately for listeners who had high~filled symbols! and low~open
symbols! amounts of IM. Thresholds are plotted in a similar manner as Figs. 1 and 2 with error bars representing the 95% confidence intervals of
masked thresholds.
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of the masker ensemble constant@cf. Eq. ~5!#. An additional
reason might be that as the probability of masker occurre
increased, the outputs of auditory filters became less in
pendent of one another. This would reduce the unsha
masker variance at the output of the auditory filters, and
would reduce the amount of IM asp increased.

Six of the 16 NH listeners~NH3, NH16, NH13, NH12,
NH15, and NH5!, about1

3, show little or no IM. This propor-
tion is comparable to other studies~Neff and Green, 1987
Neff and Dethlefs, 1995; Oh and Lutfi, 1998!. Five of the
nine HI listeners~HI6, HI9, HI1, HI8, and HI7! also show
little or no IM. For these listeners the masked thresholds
panels ~c! and ~d! of Fig. 3 are essentially equal to th
masked threshold atp51.0. This result is consistent with th
assumption that the masked threshold forp51.0 represents
at least a lower bound on masked thresholds in these co
tions, if not the exclusive effect of energetic masking. T
two groups of NH listeners in panels~a! and ~c! of Fig. 3
have similar mean thresholds for the signal in quiet and
p51.0. However, the HI listeners who show little or no IM
in panel~d! generally have higher thresholds for the signal
quiet and forp51.0 than their counterparts in panel~b!.
Even after partialing out the effects of the signal quiet thre
old, the amount of IM for the HI listeners is significant
correlated with the masked threshold forp51.0, r (6)5
20.71, p50.049. There is no such relationship for the N
listeners,r (13)50.14, p50.61. This pattern of results sug
gests that different factors might contribute to reduc
amounts of IM in NH and HI listeners.
2240 J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004
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As will be shown in the next section, NH listeners wi
low amounts of IM have weighting functions that mo
closely approximate those of an ideal listener, whereas
same is not necessarily true for the HI listeners with lo
amounts of IM. One explanation is that ‘‘low-threshold’’ H
listeners, excluding HI8, could have used overall intens
level or loudness for the decision variable. Note, in partic
lar, that masked thresholds for all probability conditions
cluding p51.0 are greater than the average total power
the masker ensemble. The signal levels corresponding
these thresholds are great enough to shift the overall inten
level of the signal1masker trials several jnd’s above th
overall intensity level for a majority of the masker-only tr
als, thus making it a reliable cue for signal detection. Ho
ever, as noted earlier, where the signal levels adapte
lower thresholds as with the ‘‘high-threshold’’ HI listener
loudness cannot reliably distinguish signal1masker trials
from masker-only trials because the number of masker c
ponents, hence the overall intensity level, varied random
from trial to trial. In addition, if overall loudness on eac
trial was the decision variable instead of the weighted sum
masker and signal SLs, then it might be expected that
variance of the decision variable, hence IM, would be grea
than predicted because of the rapid change in loudness a
ciated with loudness recruitment.

b. Practice effects. An effect of practice would be indi-
cated by a decrease in IM across the five trial blocks
least-squares linear regression analysis revealed that
amount of IM on average decreased by less than 1 dB for
J. M. Alexander and R. A. Lutfi: Informational masking
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NH listeners (b520.97, SE50.42! and by even less for H
listeners (b520.26, SE50.36!. Given the large variation in
the amount of IM between listeners and the size of the
served effects, this rate of improvement does not alter
interpretation of the data.

c. Predicted amounts of informational masking. Model
predictions are shown by the continuous lines in Figs. 1
The predicted amount of IM as function ofp was first gen-
erated using the trial-by-trial standard deviation of the de
sion variable@Eq. ~4!#. Then, the predicted IM function wa
fit to the data by selecting the intercept that yielded the le
squares error betweenp50.2 and 0.9. The point atp50.1
was not included in this prediction since, as earlier not
zero or one masker components were present on about
of the trials for this condition.9 The intercept of the fitted
masking function can be taken as the model prediction
energetic masking and should approximately equal the e
mated threshold atp51.0. As indicated by the prediction
for the individual listeners in Figs. 1 and 2, the model do
an adequate job of predicting masked thresholds. The m
difference between the masking atp51.0 and the predicted
masking~model intercept! is 1.2 dB for the NH listeners~see
last panel in Fig. 1! and 1.4 dB for the HI listeners~see last
panel in Fig. 2!.

2. Decision weights

a. The independence of weights and SLs. Doherty and
Lutfi ~1996! found that HI listeners tend to place relative
more weight on stimulus frequencies where hearing los
greatest ~where SLs are generally lowest!. To examine
whether there was a relationship between the relative we
and the relative SL of the masker components, mas
weights and SLs were normalized for each listener so that
sum of their magnitudes equaled unity. No relationship w
found between the two variables for the NH listeners,R2

50.006, F(1,158)51.0, p.0.05 and for the HI listeners
R250.01, F(1,62)56.44 p50.014. These results indicat
that SLs and decision weights can be treated as indepen
factors for both groups. The likely reason that these res
fail to replicate the findings of Doherty and Lutfi~1996! is
that, unlike the present study, their study involved intens
discrimination in which all the components were potent
signals. A fairer comparison is to the companion study
Doherty and Lutfi~1999! in which the signal was a singl
tone. The results of that study are consistent with those
ported here.

b. Weighting functions. Figures 4 and 5 show the ind
vidual weighting functions for the NH and HI listeners a
ranged in the same order as Figs. 1 and 2, respectively~from
most to least amount of IM atp50.5). Mean weighting
functions for the two groups of listeners are also shown
the last panel of each figure. As the amount of IM decrea
for the NH listeners, more weight is placed on the 2000-
signal and less weight on the masker frequencies. As n
earlier, listeners who do well on IM experiments have oft
been termed ‘‘analytic listeners,’’ meaning that the SL of t
signal is a very strong predictor of a listener’s ‘‘yes/no’’ r
sponses. It is clear from the weighting functions in Fig. 4 t
this term aptly applies to the six NH listeners in Fig. 1 w
J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004
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have little or no IM~NH3, NH16, NH13, NH12, NH15, and
NH5!. The weighting functions of these listeners are clo
to the ideal weighting function with a mean weighting ef
ciency of 0.88~SD50.03! compared to the remainder of th
NH listeners who have a mean weighting efficiency of 0.
~SD50.03!, t(14)54.48,p<0.001.

The weighting functions for the HI listeners in Fig.
should be interpreted with caution because some ma
components were presented at levels below quiet thres
~SL<0 dB! and were assigned a weight of zero. These ca
are indicated by the open circles in Fig. 5. The scatterplo
Fig. 6 shows the amount of IM atp50.5 as a function of the
weighting efficiency for each listener. As can be seen
open circles in the scatterplot, there is no relationship
tween weighting efficiency and the amount of IM for the H
listeners,R250.05,F(1,7),1.0,p.0.05. It follows that the
HI listeners with little or no IM in Fig. 2~HI6, HI9, HI1,
HI8, and HI7! have a mean weighting efficiency of 0.8
~SD50.08! that is not significantly higher than the mea
weighting efficiency of 0.77~SD50.02! from the rest of the
HI listeners,t(7)51.10,p.0.05.

The scatterplot in Fig. 6 for the NH listeners~filled
circles! shows that there is a negative linear relationship
tween listeners’ weighting efficiencies and the amount of I
R250.65, F(1,14)525.5, p<0.001. This relationship sug
gests that factors associated with analytic listening or at
tion are largely responsible for differences in the amount
IM for NH listeners. This conclusion is also consistent wi
the findings of Lutfiet al. ~2003b! who preformed a principa
components analysis on IM functions from 38 NH childr
and 46 NH adults and found that one factor was able
account for about 83% of the variance in masked thresho
within and across the age groups. This factor was hig
correlated with the estimated number of monitored audit
filters, just as lower weighting efficiencies in this study co
respond to the degree to which a listener attends to or m
tors the output of nonsignal auditory filters instead of t
auditory filter centered on the signal frequency.

C. Experiment I discussion

Results for the equal-SPL maskers in experiment I
summarized in Table II. The listeners are listed by group
descending order according to the amount of IM atp50.5
~fourth column!, the same ordering used for Figs. 1 and
The table provides the quiet threshold for the signal~dB
SPL!, the mean SL of the ten masker components that w
presented in experiment I whenp50.5 along with their
range, and the listener’s weighting efficiency. It is appar
from Table II that the mean SL of the masker compone
was the primary difference between the NH listeners~M
548.9 dB SL, SD53.0! and the HI listeners~M516.0 dB
SL, SD59.4!, t(23)513.1,p,0.001. In contrast, there wa
a fair amount of overlap in the weighting efficiencies b
tween the NH listeners~M50.83, SD50.05! and the HI lis-
teners~M50.80, SD50.06!, t(23)51.63, p50.12. This in-
dicates that the difference in IM between NH and
listeners is not likely explained by differences in weightin
strategies.
2241J. M. Alexander and R. A. Lutfi: Informational masking
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FIG. 4. Decision weights~filled circles! as a function of the 2000-Hz signal and of the masker components for the NH listeners plotted in the same o
Fig. 1, with error bars representing the 95% confidence intervals.
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According to Eq.~4!, the reduced masker-compone
SLs associated with hearing loss effectively reduce the tr
by-trial variance of the masker at the output of the audit
filters. That is, even though masker components were ei
on or off, the difference in the output level in the audito
filters between the on and off states was smaller for the
listeners than for NH listeners. IM is the result of an inte
2242 J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004
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action and requires that large weights be placed on ma
components with relatively high SLs. Thus, two listeners c
have similar weighting functions, but if the SLs of th
masker components are greater for one listener than for
other, then there can be a large difference in the amoun
IM between the two. For example, the weighting functio
for listeners NH14 and HI5 in Figs. 4 and 5 are somew
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FIG. 5. Decision weights~filled circles! as a function of
the 2000-Hz signal and of the masker components
the HI listeners plotted in the same order as Fig. 2, w
error bars representing the 95% confidence interva
Open circles indicate weights that were set to 0 beca
the masker components were presented at levels lo
than their thresholds in quiet.
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similar, but due to the differences in the mean SL of t
masker components, 49.1 vs. 15.6 dB SL, NH14 has m
more IM atp50.5, 36.0 dB, than HI5 who has only 14.1 dB
Figure 6 shows that when two listeners, one from ea
group, have equally poor weighting efficiencies~about 0.80
or less! that the NH listener will usually have a great
amount of IM than the HI listener. The one exception is H
~the lone open circle in the upper-left hand corner of Fig.!
who has as much IM as the NH listeners. This is like
because there were a sufficient number of masker com
nents with high SLs for this listener who had normal hear
for the 2000-Hz signal and below.

Unlike for the NH listeners, weighting efficiency and IM
are not strongly correlated among the HI listeners. One
son for this might be that there is more variability in th
mean masker-component SLs for the HI listeners~SD59.4
J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004
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dB! than there is for the NH listeners~SD53.0 dB!. Because
IM depends on both SLs and weights, when the SLs of
masker components are relatively homogenous among lis
ers as they are for the NH listeners, individual differences
the amount of IM will be more directly influenced b
weighting efficiency. However, when the SLs of the mask
components are relatively heterogeneous, as they are fo
HI listeners, the amount of IM will be less directly influ
enced by weighting efficiency.

The results of this study suggest that when masker
differs substantially between or within groups of listene
that it will be the dominant factor determining IM. One wa
to confirm this hypothesis would be to show substantial
in HI listeners when masker SLs are the same as for the
listeners. This is not practical in the present study sin
masked threshold forp51.0 in many HI listeners was clos
2243J. M. Alexander and R. A. Lutfi: Informational masking
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to the maximum allowable signal level. Instead, two types
control experiments were conducted in which masker S
were equated for NH and HI listeners.

III. EXPERIMENT II: SIMULATION OF REDUCED SL’S
IN NORMAL-HEARING LISTENERS

A. Method

Four NH listeners who showed large amounts of IM
experiment I~NH1, NH4, NH7, and NH14! repeated the ex
periment with the masker levels adjusted to roughly eq
the average masker SLs of the HI listeners. Masker lev
were determined by subtracting the average hearing los
the HI listeners from the otherwise equal-SPL mas
levels.10 The average total power of the maskers across
conditions was reduced by about 20 dB to a little more th
50 dB SPL. In order from lowest to highest frequency, t
mean masker-component SLs for the four listeners w
26.2, 22.5, 20.6, 16.4, 17.8, 25.8, 21.4, 22.9, 7.0, and 3.7
The mean masker SL per component was reduced from
to 18.4 dB, which was close to the mean for HI listene
16.0 dB.

B. Results

Weighting efficiency for NH1, NH4, NH7, and NH14
was 0.76, 0.81, 0.79, and 0.85, respectively and IM was 1
13.3, 11.7, and 12.0 dB, respectively. Mean weighting e
ciency was not much different in this experiment, 0.80, co
pared to experiment I, 0.78,t(3)51.73, p.0.05. Figure 7
shows that when the SL of the masker components are
justed to simulate the average hearing loss of the HI listen
in experiment I that IM as a function ofp is reduced. Atp
50.5 the mean amount of IM decreased from 31.9 dB
experiment I to 13.3 dB in experiment II,t(3)54.20, p
50.025. The amount of IM for the NH listeners in this e
periment was similar to the 11.5 dB of IM for the HI listene
in experiment I and indirectly supports the conclusion t
reduced masker-component SLs were mostly responsible
the lower amounts of IM in the HI listeners.

FIG. 6. IM at p50.5 as a function of the weighting efficiency for the N
listeners~filled circles! and the HI listeners~open circles!. The solid and
dashed lines represent the least-squares linear regression fit for the NH
HI listeners, respectively.
2244 J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004
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IV. EXPERIMENT III: EQUAL-SL MASKER
COMPONENTS

A. Method

This experiment addressed how equating the SLs of
masker components affects the difference in the amoun
IM and weighting efficiency between 12 NH and 6 HI lis
teners from experiment I~the listeners are those in Table
with entries under the heading ‘‘Equal-SL’’!. The signal and
maskers were the same as in experiments I and II. Only
minimum (p51.0) and maximum (p50.5) uncertainty con-
ditions were tested. For thep50.5 condition, each maske
component was played at 10 dB SL based on the estimate
quiet threshold obtained earlier. As before, the level
masker component in thep51.0 condition was 3 dB less s
that the average total power of the masker ensemble wo
be the same for both conditions. A constant 10 dB SL w
used because higher masker levels would have preve
some HI listeners from detecting the signal above cha
even at the most intense levels tested~about 90 dB SPL!. For
HI6 and HI7 the SL of the 8346-Hz masker component w
set to 0 dB SL because setting it at 10 dB SL would ha
exceeded 90 dB SPL.

B. Results and discussion

For the equal-SL maskers in this experiment, Table
provides the masked thresholds forp50.5 andp51.0, the
amount of IM ~i.e., the difference between the two mask
thresholds!, and the weighting efficiency. IM for the NH lis
teners was significantly less in this experiment~M55.0 dB,
SD53.7! compared to experiment I~M518.8, SD516.2!,
t(11)526.2, p,0.001. This decrease was likely due to t
difference in the masker SLs rather than weighting efficien
because weighting efficiency was significantly less in t
experiment~M50.78, SD50.05! compared to experiment
~M50.83, SD50.05!, t(11)53.16, p<0.01, which would
otherwise be associated with greater IM. As with experim
I, weighting efficiency and IM in NH listeners were signifi
cantly correlated,R250.35,F(1,10)55.38,p50.04. The re-
lationship is smaller in this experiment compared to expe
ment I where masker-component SLs varied within a
between listeners probably because there is less varianc
the amount of IM.

IM for the HI listeners in this experiment~M59.4 dB,
SD57.8! was not significantly different from experiment
~M57.5 dB, SD57.3! where the mean masker SL was 11
dB, t(5)51.10,p.0.05. The results of this experiment als
indicate that when masker-component SLs were equal
NH and HI listeners that IM and weighting efficiency we
not significantly different between the two groups,t(16)
51.68,p50.11, andt(16)51.82,p50.09, respectively. As
with the NH listeners, weighting efficiency for the HI listen
ers was significantly less in this experiment, 0.74~SD
50.03!, compared to experiment I, 0.81~SD50.07!, t(11)
53.54, p50.02. This seems to indicate that equating
across masker components makes masker components
difficult to ignore for both groups of listeners.

In experiment I the lack of a significant relationship b
tween weighting efficiency and IM was attributed to unequ

and
J. M. Alexander and R. A. Lutfi: Informational masking
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TABLE II. Summary data for experiment I~equal-SPL maskers! and experiment III~equal-SL maskers! for normal-hearing~NH! and hearing-impaired
listeners~HI! is shown. Listeners are listed in descending order according to the amount of IM atp50.5 for the equal-SPL maskers~fourth column!, the same
ordering used for Figs. 1 and 2. Shown for each listener are the quiet threshold for the signal~dB SPL!, the mean and range of the SLs for the ten mas
components that were presented whenp50.5 for the equal-SPL maskers, and the weighting efficiency~see text!. For the equal-SL maskers, the maske
threshold whenp50.5 and whenp51.0 are given along with the amount of IM~i.e., the difference between the two! and the weighting efficiency.

Masker type Equal-SPL Equal-SL

Listener

Signal quiet
threshold
~dB SPL!

Mean masker SL
at p50.5 ~range!

IM at
p50.5

Weight
efficiency

Masked
threshold
at p50.5

Masked
threshold
at p51.0 IM

Weight
efficiency

NH1 23.1 50.3~21.3–59.6! 42.8 0.77 17.52 12.33 5.2 0.72
NH6 7.1 52.0~40.6–69.3! 40.1 0.82 15.18 8.02 7.2 0.76
NH14 22.5 49.1~39.7–58.2! 36.0 0.79 4.54 22.25 6.8 0.80
NH10 9.4 50.7~31.8–63.1! 30.2 0.78
NH8 20.3 44.2~35.3–56.3! 29.8 0.83 30.41 21.91 8.5 0.76
NH7 20.6 49.9~41.1–65.6! 28.6 0.76 16.95 13.75 3.2 0.75
NH11 15.7 47.0~35.4–65.3! 24.3 0.85
NH2 4.7 50.5~40.6–61.2! 23.3 0.79
NH4 3.9 49.5~36.6–69.6! 20.1 0.79 16.12 8.91 7.2 0.72
NH9 20.2 43.6~29.3–61.1! 14.6 0.85 13.59 1.96 11.6 0.76
NH3 1.5 50.6~42.7–64.6! 6.9 0.84 8.49 6.87 1.6 0.81
NH16 13.3 45.3~35.1–65.4! 6.6 0.89 22.32 16.87 5.5 0.77
NH13 4.0 49.1~30.5–63.7! 4.7 0.86
NH12 2.3 55.1~42.1–72.7! 0.8 0.91 18.42 14.45 4.0 0.75
NH15 4.0 49.1~32.0–61.2! 0.3 0.90 4.58 5.98 21.4 0.82
NH5 9.7 47.0~29.2–68.3! 20.5 0.85 9.30 9.11 0.2 0.92

HI3 4.7 34.2~0.0–53.4! 38.3 0.77
HI4 47.2 20.0~7.2–31.1! 16.8 0.74 68.68 48.18 20.5 0.73
HI2 41.7 23.0~2.0–31.1! 15.8 0.79
HI5 50.8 15.7~0.0–28.9! 14.1 0.78 68.97 58.71 10.3 0.73
HI6 70.8 3.5~0.0–13.1! 8.9 0.81 89.88 82.19 7.7 0.73
HI9 64.5 5.7~0.0–14.2! 5.2 0.84 82.49 68.69 13.8 0.74
HI1 39.3 18.4~2.1–33.5! 4.6 0.75
HI8 47.8 13.2~0.0–40.8! 2.7 0.93 56.99 49.67 7.3 0.78
HI7 42.1 10.3~0.0–21.2! 22.9 0.74 88.58 91.58 23.0 0.70
ow
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masker-component SLs within and across listeners. H
ever, even though masker-component SLs were equate
this experiment, weighting efficiency alone did not reliab
predict IM in HI listeners,R250.09,F(1,4),1.0. One pos-
sible reason for this weakened relationship is that
auditory-filter bandwidths for some HI listeners might
J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004
-
in

e

broad enough to increase the correlation between the a
tory filter outputs, which would effectively reduce th
masker variance. As we have noted, some correlation
likely, particularly at high values ofp. Another reason, how-
ever, is that there is less variance in the amount of IM for
listeners.
ith
in
nt
ted
e-
FIG. 7. Open circles indicate masked thresholds w
95% confidence intervals for the four NH listeners
experiment II where the level per masker compone
was adjusted to simulate the reduced SLs associa
with hearing loss. For comparison, the experiment I r
sults for these listeners are replotted from Fig. 1~filled
circles!.
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V. SUMMARY AND CONCLUSIONS

Interpreting the results of this study within the fram
work of a specific decision model@Eq. ~4!# allows us to
evaluate how IM is affected by a hearing loss in terms
lower masker SLs and in terms of perceptual differences
how the stimulus components are weighted. According to
model, differences in the amount of IM between and with
NH and HI listeners is dependent on how decision weig
are distributed across masker components with different S
with the greatest amounts of IM occurring when lar
weights are combined with high SLs. For the experiments
this study, it seems that the SLs and weights of the mas
components are independent factors because a notable
tionship between them is lacking for both groups.

The results of the experiments in this study are in g
eral agreement with the findings of Micheylet al. ~2000!. As
in that study, differences in the amount of IM between o
NH and HI listeners seem to be strongly affected by diff
ences in the SLs of the masker components. When the si
was in a region of hearing loss, the amount of IM for t
equal-SPL maskers never reached a level as high as
obtained by a majority of NH listeners. Because the dB S
per masker component was equal for the NH and HI list
ers, masker SLs were much lower for the HI listeners th
for the NH listeners. The observed results are thus in
preted in terms of the resulting reduction in the variance
the assumed decision variable. The significant decreas
IM for the NH listeners when the masker SLs were reduc
in experiments II and III confirm that the differences
masker SLs between the NH and HI listeners in experime
was likely a major contributing factor to the differences
the amounts of IM. Further confirmation is provided by t
results of experiment III where no significant differences
IM were found when masker-component SLs were equa
within and across the two groups of listeners.

Although HI listeners generally had lower weighting e
ficiencies than the NH listeners in experiments I and III, o
results do not lend strong support to the speculation by K
et al. ~2001! that HI listeners use a less analytic listeni
~weighting! strategy than NH listeners. However, unlike f
NH listeners, the relationship between weighting efficien
and IM was not significant for HI listeners even in expe
ment III where the effect of masker-component SLs was
tually eliminated. We suggest that in addition to reduc
masker SLs, broadened auditory filters accompanying se
rineural hearing loss might also reduce IM by increasing
covariance between auditory filter outputs, thereby decre
ing the masker ensemble variance.
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1While the HI listeners were generally older than the NH listeners, obse
differences between the two groups are unlikely related to the age di
2246 J. Acoust. Soc. Am., Vol. 116, No. 4, Pt. 1, October 2004
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ence because four of the nine HI listeners were of the same approxi
age~,30 years! as the NH listeners.

2The Sennheiser earphone~test earphone! was calibrated with a TDH-50
earphone~standard earphone! using continuous tones and a binaural lou
ness balancing procedure~ANSI, 1996!. Calibration at the octave frequen
cies between 250 and 8000 Hz was carried out by two normal-hea
experimenters. The output levels of tones played through the standard
phone were set to 60 dB SPL, then the test earphone was balanced usi
method of adjustment and a programmable attenuator~TDT, PA4!. Median
RMS voltages across several independent adjustments of the output l
from the test earphone for each ear of the experimenters were taken a
matching values. The RMS voltage for the 1000-Hz tone was used as
reference for the Sennheiser earphone.

3When rounded to the nearest one-hundredth, actual masker probab
averaged across all listeners were equal to the nominal probabilities ex
at p50.5 where the actual probability was 0.51. The standard deviation
the actual probabilities across all listeners was 0.003 forp50.3, 0.5, and
0.6 and was 0.002 for the other conditions.

4This occurred on 0.39% of the trials used in the computation of mas
threshold for the NH listeners and on 1.82% of these trials for the
listeners, excluding HI7~34.2%! who had difficulty even at the reduce
masker levels.

5The analytic expression in Eq.~4! yields almost identical predictions as th
empirical estimate.

6Data were fit to a generalized linear model and a binomial distribut
using the ‘‘glmfit’’ function in Matlab® to obtain the weights. Note that Eq
~4! assumes that the weights are normalized with respect to the si
weight, ws , which is 1 in this instance. When the weights are inste
normalized to sum to 1 as they are for this report, the right-hand side of
~4! must be divided byws .

7Note that this method of quantifying efficiency orh is different from the
method outlined by Berg~1990! and Tanner and Birdsall~1958! in which
the obtainedd8 ~squared! is divided by thed8 ~squared! from an ideal
observer:

hobt5hwgt3hnoise⇔
~dobt8 !2

~dideal8 !2
5

~dwgt8 !2

~dideal8 !2
3

~dobt8 !2

~dwgt8 !2
,

wherehobt represents the degree to which a listener’s obtained sensit
matches that of an ideal observer, wherehwgt represents the degree t
which the sensitivity from a hypothetical listener who utilizes the measu
weights matches the sensitivity of an ideal observer, and wherehnoise rep-
resents the degree to which a listener’s obtained sensitivity matches th
a hypothetical listener who utilizes the measured weights. This computa
is not meaningful in the present study because an ideal observer is eq
lent to a filter matched to the signal frequency and would therefore com
no errors; that is, the denominatord8 ideal is infinite.

8‘‘Negative’’ amounts of IM are possible because IM is operationally d
fined as the difference between two estimates of masked threshold, on
p,1.0 and another forp51.0. Because of variability or errors in the est
mates, predictions for negative IM are inevitable. These values were
uncorrected~i.e., were not set equal to zero! so as not to artificially deflate
the variability in the estimates, especially for the purposes of statist
analysis.

9Since the total amount of masking is predicted to be the dB sum of e
getic and informational masking, the failure of the model to predict
masked threshold atp50.1 must be attributed to one or both of the
factors. If the predicted amounts of IM were incorrect, this would imp
that the listeners used a different, more analytic, weighting strategy for
condition. However, it is also reasonable to consider that the prediction
energetic masking must be inaccurate to some extent because for
listeners in Figs. 1 and 2 the estimated thresholds forp50.1 are lower than
the p51.0 estimate of energetic masking. One parsimonious solution
this discrepancy is to assume that energetic masking atp50.1 is some
constant proportion,k, of the CoRE model prediction for energetic maskin
at p51.0 ~in dB!. As shown by the open squares plotted atp50.1 in Figs.
1–3, arbitrarily choosingk50.4 yields accurate predictions for most liste
ers. This adjustment dramatically improves the model predictions by
creasing the mean discrepancy between the estimated and the pre
thresholds atp50.1 to only21.9 dB for the NH listeners and to 3.4 dB fo
the HI listeners.

10The amount of hearing loss was determined by subtracting the mean
thresholds of the HI listeners from laboratory norms for the frequenc
used in the experiments. Norms were obtained from the 10 NH liste
J. M. Alexander and R. A. Lutfi: Informational masking
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who had hearing levels no greater than 10 dB HL for all the octave
quencies during a routine audiologic evaluation. So that the comp
average hearing loss would more closely reflect the actual mas
component SLs, quiet thresholds that were greater than the presen
level for a masker component were substituted with the level that co
sponded to 0 dB SL~i.e., the presentation level!. Note that the effect of
restricting the amounts of hearing loss that entered into the total wa
make the average hearing loss appear more similar across frequenc
pecially in the high-frequency regions.
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