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Detection performance for a masked auditory signal of fixed frequency can be substantially
degraded if there is uncertainty about the frequency content of the masker. A quasimolecular
psychophysical approach was used to examine response strategies in masker-uncertainty conditions,
and to investigate the influence of uncertainty when the number of different masker samples was
limited to ten or fewer. The task of the four listeners was to detect a 1000-Hz signal that was
presented simultaneously with one of ten ten-tone masker samples. The masker sample was either
fixed throughout a block of two-interval forced-choice trials or was randomized across or within
trials. The primary results showed that:~1! When the signal level was low and the masker sample
differed between the two intervals of a trial, most listeners based their responses more on the
presence of specific masker samples than on the signal.~2! The detrimental effect of masker
uncertainty was clearly evident when only four maskers were randomly presented, and grew as the
size of the masker set was increased from two to ten.~3! The slopes of psychometric functions
measured with the same masker samples differed among the fixed and two random-masker
conditions.~4! There were large differences in the influence of masker uncertainty across masker
samples and listeners. These data demonstrate the great susceptibility of human listeners to the
influence of masker uncertainty and the ability of quasimolecular investigations to reveal important
aspects of behavior in uncertainty condition. ©1999 Acoustical Society of America.
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INTRODUCTION

This paper concerns how the ability to detect a kno
auditory signal amidst additional masking sounds is
graded when there is uncertainty as to which masking sou
are to be presented. In most laboratory experiments in h
ing, the listener has little or no trial-to-trial uncertainty abo
the general characteristics of the stimulus. There is, howe
considerable uncertainty inherent in normal listening sit
tions, and uncertainty about the characteristics of the sig
or masker makes an auditory signal more difficult to dete
The influence of signal uncertainty is generally small,
creasing signal thresholds by 3–6 dB when the maske
either fixed or relatively stable and the signal frequency~e.g.,
Green, 1961; Veniar, 1958a,b!, duration ~Dai and Wright,
1995!, or starting time~Eganet al., 1961! is randomly varied
across trials. In contrast, when different masker samples
randomly presented, a signal of fixed frequency can be m
harder to detect than would be predicted on the basis of
frequency selectivity of the peripheral auditory system~e.g.,
Neff and Green, 1987; Watson and Kelly, 1981!. For ex-
ample, maskers consisting of ten tones with frequencies
domly selected on each observation interval can produc
much as 20 dB more masking of a fixed-frequency tone t

a!Electronic mail: b-wright@nwu.edu
b!Electronic mail: kourosh@etho.caltech.edu
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a broadband noise of equal power~e.g., Neff and Green
1987!. Signal detection is most difficult when there is unce
tainty about both the signal and the masker~e.g., Spiegel and
Green, 1982!. In the most extreme case, a signal that is its
randomly varied in frequency and temporal position within
sequence of randomly selected masker frequencies can b
much as 65 dB more difficult to detect than a signal p
sented at a fixed frequency and temporal position withi
fixed sequence of masking tones~Watson, 1987!. The ex-
periments reported here focus on the influence of mas
uncertainty, but the approach differs from that used in m
earlier studies.

Previous investigations have typically reported the d
tection threshold for a signal in a masker-uncertainty con
tion as a single value that was based on the responses a
a block of trials in which a large number of different mask
samples were presented. Green~1964! used the term ‘‘molar
psychophysics’’ to describe this class of experiment beca
the resulting threshold estimate represents an average o
responses over many heterogeneous trials, obscuring the
formance on individual trials.

We have instead examined masker uncertainty us
what Green~1964! termed a ‘‘quasimolecular’’ approach
With this method, signal threshold is determined by the
ries of responses over multiple presentations of the sa
masker sample. Unlike the molar technique, this appro
yields many threshold values from each block of trials in
1765(3)/1765/11/$15.00 © 1999 Acoustical Society of America
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uncertainty condition, one for each different masker sam
presented. The resulting values thus represent an avera
the responses over many homogeneous, rather than he
geneous, trials.

Using a quasimolecular approach, the following ba
question can be addressed: Is it harder to detect a kn
signal that is masked by a particular maskerX when that
masker is randomly intermixed with other maskers th
when only maskerX is presented? The answer is obtained
comparing two measurements:~1! signal threshold in a
fixed-masker condition in which only maskerX is presented,
and ~2! signal threshold in a random-masker condition e
mated from the responses obtained ononly those trialsin
which maskerX is presented. A higher threshold in the ra
dom than the fixed condition indicates that uncertainty ab
which masker is to be presented makes the signal more
ficult to detect in maskerX. To our knowledge, only Pfafflin
~1968! and Wright and McFadden~1990! have examined
masker uncertainty using this technique. Others who used
quasimolecular approach to study the masking produced
sets of randomly presented reproducible noises did not re
performance in the fixed condition~Green, 1964; Gilkey,
1985!. Pursuing similar issues with molar psychophysi
Watson and his colleagues~Watson and Kelly, 1981; Spiege
and Watson, 1981; Watson, 1987! reported performance in
both fixed and random-masker conditions.

The task of the listeners in the two present experime
was to detect a tonal signal of a fixed and known freque
that was presented simultaneously with one of ten mu
tonal masker samples. The masker sample was either fi
throughout a block of two-interval forced-choice trials
was randomized across or within trials. The two experime
differed only in the method used to determine the mas
threshold of the signal. The results address the following
aspects of the influence of masker uncertainty.

Masker bias: Previous quasimolecular investigation
have shown that listeners treat particular masker sample
being more likely to contain the signal when differe
samples are presented on the two observation intervals
trial ~e.g., Green, 1964; Pfafflin and Mathews, 1966; Wrig
and McFadden, 1990!. Given such a masker bias, measur
performance is artificially good when the signal is presen
in the favored sample, because then the bias leads to
correct choice of the signal interval even at very low sig
levels. Performance is spuriously poor, however, when
signal is presented in the unfavored sample, because the
bias leads to the choice of the nonsignal interval contain
the favored masker. Many molar investigations of mas
uncertainty have used large numbers of masker sample
try to minimize this problem. Here we further document t
existence of masker bias and describe a method by w
separate measurements can be made both of this bias a
the sensitivity to the presence of the signal.

Psychometric functions:Molar psychophysical data in
dicate that psychometric functions measured with rand
multi-tonal maskers have shallower slopes than those m
sured with broadband noise~Kidd et al., 1995a, 1998; Neff
and Callaghan, 1987! or than those predicted for an ide
observer~Lutfi, 1994!. Shallow psychometric slopes hav
1766 J. Acoust. Soc. Am., Vol. 105, No. 3, March 1999
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also been reported for individual masker samples prese
in random-masker conditions~Neff and Callaghan, 1987!.
Little, however, is known of the relationship between t
slope of psychometric functions in fixed- and rando
masker conditions. In apparently the only investigation
this issue, Watson and Kelly~1981! tentatively concluded
from a molar analysis that the slope of the psychome
function did not change significantly as the amount of unc
tainty was varied from minimal to very high. Here we sho
that the slopes of psychometric functions measured with
same masker sample differ systematically among fix
masker and two types of random-masker conditions.

Size of the masker set:In most previous studies o
masker uncertainty, a different masker sample was prese
on every trial or observation interval in random-masker co
ditions ~e.g., Lutfi, 1994; Neff and Callaghan, 1988; Wats
et al., 1976!. In the remaining experiments a small, but co
stant, number of samples were used~e.g., Pfafflin, 1968!.
There has been no systematic investigation of how the in
ence of masker uncertainty is affected by the number of p
sible masker samples to be presented. Here we report tha
mean detrimental effects of two types of masker uncerta
grow approximately in parallel as the size of the masker
increases from two to ten.

Sample-specific influence of masker uncertainty:The
aim of many experiments using molar psychophysics
been to determine the conditions under which masker un
tainty is most disruptive. Those studies have manipula
such variables as the number and frequency distribution
the tones in each masker sample~Lutfi, 1994; Neff and Cal-
laghan, 1988; Neffet al., 1993; Watsonet al., 1976!, the
repetition pattern of the masker~Kidd et al., 1994, 1995b!,
and the presentation mode~monotic or dichotic; Kiddet al.,
1994; Neff, 1995!. There is, however, a scarcity of informa
tion on the influence of uncertainty for specific mask
samples belonging to the same general category. Only P
flin ~1968! has reported the influence of uncertainty on t
detection of a tonal signal in a set of 12 frozen noises. H
results show relatively small overall effects of uncertain
probably because her noise maskers all sounded quite s
lar. Nevertheless, some of her masker samples were m
affected by uncertainty than others. Here we report mar
and consistent differences in the influence of uncertai
across different masker samples.

Individual differences:Individual listeners tested usin
molar psychophysics show marked threshold difference
random-masker conditions~Leek, 1987; Neff and Dethlefs
1995!. These differences are not paralleled in the perf
mance of the same listeners on the detection of tones in q
or in measures of peripheral filter width made with notch
noise, suggesting that the threshold variations in rando
masker conditions are due to the introduction of uncertai
~Neff and Dethlefs, 1995!. Here we report large individua
differences in performance in both random- and fixe
masker conditions, and show that listeners’ reactions
masker uncertainty are not necessarily revealed solely
their performances in random-masker conditions.
1766B. A. Wright and K. Saberi: Random maskers
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I. EXPERIMENT 1: ADAPTIVE TRACKING

A. Method

1. Listeners

Four listeners~two female, JF and WD! ranging in age
from 19 to 23 years were paid for their participation. All ha
hearing within 15 dB of normal between 125 and 8000 Hz
determined by a Bekesy tracking procedure and had prev
experience in other psychoacoustic tasks.

2. Stimuli

The signal was a 1000-Hz tone and the masker was
of up to ten different ten-tone complexes. The signal a
masker were gated together for a total of 200 ms usin
cosine-squared rise/fall time of 16.8 ms. The frequencie
the ten tones in each of the ten masker samples were ch
at random from a uniform distribution ranging from 200
5000 Hz, excluding the region from 800–1200 Hz arou
the signal. Also, to guarantee that the tones in each 200
sample were orthogonal, no two masking components
given sample were allowed to be closer than 5
~1/duration!. The phases of the masking tones were rando
selected from a uniform distribution ranging from 0 to 3
degrees. Once chosen, the frequencies and phases of th
tones in each of the ten masker samples were fixed thro
out the entire experiment. The signal was always prese
in zero phase. Table I lists the frequencies and phases c
prising each of the masker samples~A–J!. The individual
masking tones were each presented at 50 dB SPL, produ
an overall level of 60 dB SPL. Similar stimulus paramete
produced substantial masking in previous experiments
masker uncertainty~Neff and Green, 1987; Neff and Ca
laghan, 1988; Neffet al., 1993!.

The signal and masker were digitally generated in
time domain at a sampling rate of 20 000 Hz using a digi
signal-processing board~TDT AP2!. They were delivered
separately through two 16-bit digital-to-analog convert
~TDT DA1! followed by separate 10-kHz low-pass filte
~TDT FLT3, 60 dB attenuation at 11.5 kHz!, separate pro-
grammable attenuators~TDT PA4!, and a single sound mixe
~TDT SM3!. The listeners were seated in a sound-trea
room and listened monaurally through the left earpiece
Sennheiser HD450 headphones.

3. Procedure

The procedure was two-interval forced-choice w
feedback. The two observation intervals of a single trial w
marked by lights, and were separated by 300 ms. The si
level was adjusted adaptively using the three-down/one
rule of Levitt ~1971! which tracks the 79% correct point o
the psychometric function. The step size was 8 dB throu
the first reversal, 4 dB through the next three reversals, a
dB thereafter. The adaptive track was terminated after
trials. The first four reversals were discarded, and thresh
was calculated as the mean of the remaining reversals.
conditions employed multiple independent adaptive trac
as described below. Six to ten blocks of trials were collec
from each listener in each condition.
1767 J. Acoust. Soc. Am., Vol. 105, No. 3, March 1999
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4. Conditions

There were three listening conditions. In thefixed con-
dition, the same masker sample was presented on every
servation interval throughout an entire block of 60 trials. T
ten different masker samples were presented in random o
across blocks.

In the random-by-trial condition, the same maske

TABLE I. The frequencies~Hz! and phases~degrees! of the ten components
in each of the ten masker samples~A–J!. The signal was always a 1000-H
tone presented at zero phase.

Frequency
~Hz!

Phase
~deg!

Frequency
~Hz!

Phase
~deg!

A 1692 157.2 B 443 296.4
1717 108.9 1573 26.0
2530 25.2 1626 290.7
2687 66.4 2343 134.0
2737 325.9 2394 218.5
2873 165.0 2494 73.9
3023 308.5 2696 151.3
3748 336.6 3539 117.1
4104 197.1 3674 107.8
4329 219.1 4202 79.7

C 458 299.2 D 352 179.3
514 2.6 364 165.7

2320 66.4 1317 324.2
2445 327.2 2293 213.8
2584 120.8 2334 283.1
2666 253.1 2454 217.4
2692 258.1 2714 104.7
3665 269.5 3815 230.3
3905 294.9 4334 158.1
4891 31.0 4891 6.8

E 2156 338.1 F 550 124.6
2536 105.4 631 59.6
2663 131.6 663 278.4
2849 336.8 1925 334.4
3066 206.3 2201 277.7
3133 284.7 3439 117.9
3321 159.2 3609 0.0
3546 321.8 3651 243.0
3906 25.1 3789 197.9
4689 181.6 4420 8.7

G 255 357.1 H 355 293.5
434 171.0 1887 198.6
797 245.3 1980 237.9

2009 55.9 2382 185.9
2399 226.8 2957 179.4
3246 57.8 2967 249.9
3397 236.9 3218 117.2
3828 100.5 3375 126.8
4015 167.4 3445 345.8
4202 126.5 4304 307.5

I 709 53.2 J 208 275.3
1227 208.7 308 217.6
1436 214.6 1268 27.2
1478 161.5 1293 150.0
1556 178.5 1343 142.4
2027 111.6 2167 267.2
2514 162.3 2350 255.1
3119 355.4 3031 109.3
4005 193.7 3641 214.8
4661 31.6 4678 304.0
1767B. A. Wright and K. Saberi: Random maskers
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FIG. 1. Individual~symbols! and mean~lines! adaptive
results of the four listeners for the ten masker samp
~A–J!. The floating panel shows the signal threshol
for each masker sample in the fixed condition. The
maining panels show the threshold differences for ea
masker sample between the random-by-trial and fix
conditions ~left column! and between the random-by
interval and fixed conditions~right column! for the four
masker-set sizes~rows!.
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sample was presented on both observation intervals o
single trial, but the particular masker sample was cho
quasi-randomly across trials fromn possibilities, wheren
equalled 2, 4, 6, or 10 in different blocks of trials. The pa
ticular samples used whenn,10 were chosen arbitrarily bu
always included the same samples as in the tests using f
samples. The same sets of maskers were used througho
experiment. Performance for each masker sample was m
tored with a separate adaptive track. Thus there weren in-
terleaved tracks in each test. To obtain the 60 responses
essary to complete the track for each masker sample,
particular sample was chosen at random, without repla
ment, from a pool of 60 instances of each of then samples.
Thus there were 60n trials in each block. Breaks were pro
vided after every 60 trials within a block to make the expe
mental session as similar to that in the fixed condition
possible.

Finally, in the random-by-interval condition, different
masker samples were presented on the two observation i
vals of a trial, and the particular masker samples were cho
quasi-randomly across trials fromn possibilities (n52, 4, 6,
or 10!. To simultaneously measure performance for ea
masker sample and monitor the influence of the mas
sample in the nonsignal interval on the response pattern
masker samples were presented in fixed pairs~A and B, C
and D, E and F, G and H, I and J!. The pairings were made
arbitrarily and were maintained throughout the experime
Both members of a sample pair were always presen
within the same trial, but the order of their presentati
within the trial was random. A separate adaptive track mo
tored performance for each masker sample, yieldingn inter-
leaved tracks. Data in the random-by-interval condition w
collected in the same manner as in the random-by-trial c
dition.
1768 J. Acoust. Soc. Am., Vol. 105, No. 3, March 1999
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The initial signal levels were 25, 35, and 45 dB SPL
the fixed, random-by-trial, and random-by-interval con
tions, respectively. Example trials were provided at the
ginning of each block. In those trials the signal level was
dB higher than the initial signal level used in the actual tria
Each listener was generally tested on all three conditio
presented in random order, during each 2-h listening sess

B. Results and discussion

Figure 1 presents the individual~symbols! and mean
~lines! results of the four listeners for the ten masker samp
~A–J!. Plotted in the floating panel are the signal thresho
in the fixed condition. The remaining panels show the thre
old differences between the fixed and each of the two r
dom conditions ~columns! for the four masker-set size
~rows!. The mean threshold differences between the rand
by-trial and fixed condition were consistently positive~left
column!, indicating that uncertainty about which sample w
to be presented on a trial made the signal harder to detec
contrast, the threshold differences between the random
interval and fixed condition fluctuated markedly~right col-
umn!. When the set size was ten, the difference was aro
30 dB for one sample and near 0 dB for the other sample
each masker pair. Every listener had at least one nega
difference score, indicating a lower threshold in the rando
by-interval than the fixed condition. It seems unlikely th
this oscillating pattern of difference scores resulted from
culiarities in the influence of uncertainty on particul
masker samples. A more plausible scenario is that the lis
ers treated one masker sample of a pair in the random
interval condition as being more likely to contain the sign
This possibility is explored in the second experiment.
1768B. A. Wright and K. Saberi: Random maskers
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II. EXPERIMENT 2: CONSTANT STIMULI

A. Introduction

Experiment 2 introduces a technique for simultaneou
measuring both signal detectability and masker bias in
random-by-interval condition. This technique employs t
method of constant stimuli, from which information abo
the slopes of the psychometric functions in fixed- a
random-masker conditions may be obtained. Furtherm
the signal thresholds derived in this experiment are free
the influence of masker bias. This allows the evaluation
the contributions of the size of the masker set, of the part
lar masker sample, and of the individual listener to the m
nitudes of both the random-by-trial and random-by-inter
uncertainty effects.

B. Method

The listeners, stimuli, and conditions were the same
in experiment 1. The differences between the two exp
ments were that, here,~1! the signal level was fixed through
out a block of trials rather than being adjusted adaptive
and~2! both the observation interval in which the signal w
presented and the masker sample that contained the s
were recorded with the response on each trial. Using
method, it was possible to estimate both the listener’s se
tivity to the signal and the extent to which the listener w
biased toward intervals containing particular mas
samples.

FIG. 2. Top: A representative stimulus-response matrix from a single fix
pair of masker samples in the random-by-interval condition.Middle: The
submatrix used to derive the listener’s sensitivity to the signal,ds8 , indepen-
dent of any bias toward or against the masker sample.Bottom: The subma-
trix used to derive the listener’s preference to select an interval based o
presence of a particular masker sample,dm8 , independent of the presence o
the signal. A negatived8 resulting from this calculation merely indicate
that the listener favored masker sampley rather than masker samplex. All
values ofdm8 are reported as positive values. See text for details on all th
matrices.
1769 J. Acoust. Soc. Am., Vol. 105, No. 3, March 1999
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The top of Fig. 2 illustrates a representative stimulu
response matrix from a single fixed pair of masker samp
in the random-by-interval condition. The stimuli are liste
along the top of the matrix aŝx8y&, ^yx8&, ^y8x&, and
^xy8&, where the letter indicates the particular mask
sample, the letter sequence indicates the presentation o
between the two observation intervals, and the prime in
cates the signal interval. The responses are listed along
side of the matrix aŝ1& for ‘‘signal in the first interval’’ or
^2& for ‘‘signal in the second interval.’’

To determine the listener’s sensitivity to the signal in
particular masker sample independent of bias toward
against that sample, the responses were pooled over colu
in which the signal was presented in the same observa
interval. Thus the responses were added across thex8y and
y8x @columns~1! and~3!#, and across theyx8 andxy8 @col-
umns~2! and~4!# stimulus patterns. This pooling resulted
the two-by-two matrix shown at the middle of Fig. 2. Th
index of detectability for the signal (ds8) was calculated us-
ing this new matrix by taking the total proportion of corre
responses@in the example, (105184)/36050.53# and look-
ing up thed8 value corresponding to that proportion corre
in a forced-choice table~Green and Swets, 1964; Swet
1964!.

Similarly, to determine the listener’s preference to sel
an interval based on the presence of a particular ma
sample, independent of the presence of the signal, the
sponses were combined over columns in which a partic
masker sample~chosen arbitrarily as samplex! was pre-
sented in the same observation interval. Thus, the respo
were added across thex8y and xy8 @columns~1! and ~4!#,
and across theyx8 and y8x @columns~2! and ~3!# stimulus
patterns. This yielded another two-by-two matrix, shown
the bottom of Fig. 2, from which the masker bias (dm8 ) was
calculated. In some cases, a negatived8 resulted from this
calculation. That merely indicated that the listener favor
masker sampley, rather than masker samplex. All values of
dm8 are reported as positive values.

For the random-by-interval condition, each stimul
pattern (x8y,yx8,y8x,xy8) was presented a total of 18
times. To obtain measures ofds8 and dm8 that were based
on different data sets, the data for each pattern were
ided into two sets of 90 trials each. The 360 respon
(4 patterns390 trials) from the even-numbered block
formed one set and those from the odd-numbered blo
formed the other. Each set, such as the one in Fig. 2,
used to calculate bothds8 anddm8 . Thusds8 obtained from the
even-numbered trials could be compared todm8 obtained
from the odd-numbered trials, and the reverse. Note that
2 shows the data from only one of the two sets of respon
a complete figure for one masker pair~x and y! would in-
clude three parallel matrices containing the other data
When there were ten masker samples, five such pairs of
trices were produced.

For the random-by-trial and fixed conditions, the tw
possible stimulus patterns (x8x and xx8) were each pre-
sented a total of 180 times. Thusds8 was calculated from a
total of 360 trials. No measure ofdm8 was necessary or pos
sible.

the

e
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ap-
FIG. 3. Individual psychometric functions~columns!
for ds8 ~filled squares! anddm8 ~open squares! averaged
across the sample pairs tested for each set size~rows!.
The abscissa shows the signal level relative to the ad
tively measured random-by-trial threshold.
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For the two random conditions, the signal was presen
at four different levels denoted210, 0, 110, and120 dB.
For the fixed condition, the signal levels were chosen s
cifically for each listener, but typically included the values
25, 210, and220 dB. These levels are all expressed re
tive to the signal level at threshold obtained for each listen
number of masker samples, and particular sample in
random-by-trial condition in experiment 1. The signal leve
were defined relative to the adaptive random-by-trial thre
olds so that the levels used would produce a reason
range ofd8 values for each masker sample in each conditi
despite the large differences in the amounts of masking
duced by each masker individually. Breaks were provid
after every 60 trials. Data were collected in three-block s
in each condition in the order:~1! random-by-interval,~2!
random-by-trial,~3! random-by-interval,~4! fixed. The sec-
ond phase of data collection in the random-by-interval c
dition was added when it was realized that more trials w
needed to have independent estimates ofds8 anddm8 .

C. Results and discussion

1. Masker bias

The d8 values measured in the random-by-interval co
dition are plotted in Fig. 3 for each listener~columns! and
each masker-set size~rows!. The even- and odd-numbere
trials produced similar estimates ofds8 , and of dm8 , and
therefore were averaged, yielding one estimate ofds8 and one
of dm8 at each signal level for each pair of masker samp
Each panel shows the values ofds8 anddm8 averaged over the
sample pairs tested for each set size.1 For example, each
point in the top row of panels represents the mean of
estimates ofd8, one estimate for each of the five pairs
1770 J. Acoust. Soc. Am., Vol. 105, No. 3, March 1999
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masker samples, and each point in the bottom row repres
one estimate ofd8 from the single pair of masker sample
tested.

For all listeners, as expected,ds8 ~filled squares! in-
creased from near 0 to above 1 as the signal level was
creased from210 to 120 dB. In contrast, for three of the
four listeners~all but SC!, dm8 ~open squares! frequently de-
creased from around 1 to 0 as the signal level was increa
over the same range. Thus, at low signal levels, the majo
of listeners made their responses based more on the pres
of a particular masker sample than on the presence of
signal. Individual listeners consistently favored the sa
sample of a pair regardless of the masker-set size, but
favored sample often differed across listeners. When o
one sample of the masker pair had masking compon
lower than the signal frequency, listeners JF, WD, and TB
favored that sample~B over A, F over E!, but those same
three listeners differed in their preferences for the remain
samples. The magnitude ofdm8 at the signal level of210 dB
did not differ systematically across the masker pairs. F
listener SC,dm8 was essentially constant at about 0 at
signal levels, indicating that his responses were influen
almost entirely by the presence of the signal.

In 77% of the cases where there was a bias~24 of 31
instances!, threshold in the fixed condition was higher for th
favored than for the unfavored masker sample. Likewise
78% of the cases where the adaptive random-by-inte
threshold was lower than the adaptive random-by-trial
fixed threshold~25 of 32 instances in Fig. 1!, threshold in the
fixed condition was higher for that masker sample than
the other sample in the pair. Thus listeners tended to fa
the more effective masker when they had difficulty hear
1770B. A. Wright and K. Saberi: Random maskers



FIG. 4. As in Fig. 3, but fords8 in the fixed ~filled
triangles!, random-by-trial~open circles!, and random-
by-interval ~filled squares! conditions.
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the signal. Threshold in fixed conditions is traditiona
thought to be proportional to the amount of masker ene
contained in the peripheral auditory filter centered on
signal frequency. Perhaps the listeners who were suscep
to masker bias tended to favor the maskers with the hig
fixed thresholds, because those maskers, with their extra
ergy near the signal frequency, sounded more like they c
tained the signal. It is possible that the three listeners w
showed masker bias made their judgments on such a tim
aspect of the stimulus, while the remaining unbiased liste
focused on the signal frequency. This interpretation is in
cord with the reports of Neff and her colleagues that in
vidual listeners adopt either holistic or analytic listeni
strategies when faced with masker uncertainty~Neff et al.,
1993; Neff and Dethlefs, 1995!.

These masker-bias results show that when the detec
task is difficult due to uncertainty, listeners essentia
change the task. Here, rather than responding rando
when the signal was difficult to detect, listeners instead
sponded systematically to particular masker samples. W
that result might be attributed to the signal-like qualities
some masker samples, there are data showing response
even when the randomized variable had no signal-like ch
acteristics. For example, Lee~1994! asked listeners to indi
cate which of two observation intervals contained the hig
rate of sinusoidal amplitude modulation of a tonal carri
When she randomly presented two different carrier frequ
cies on the two intervals of a trial, one of her two listene
consistently selected as signal the interval with the high
frequency carrier. We also have preliminary results from
teners who were asked to detect the longer of two temp
intervals each marked by two brief tones. When we r
1771 J. Acoust. Soc. Am., Vol. 105, No. 3, March 1999
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domly marked the temporal intervals by low-frequency ton
in one observation interval and high-frequency tones in
other, listeners responded systematically to the tone
quency rather than to the longer temporal interval. Particu
tonal frequencies do not inherently sound more signal-l
when the signal is a higher modulation rate or longer tem
ral interval. Thus listeners appear to adopt the task of imp
ing order on the randomized variable when the assigned
becomes difficult.

2. Psychometric functions

Figure 4 is plotted in the same manner as Fig. 3,
shows the mean psychometric functions fords8 for the fixed
~filled triangles; top row only!, random-by-trial ~open
circles!, and random-by-interval~filled squares! conditions.1

To derive the signal levels that corresponded to 79% cor
detections from each of the psychometric functions that w
into the mean functions in Fig. 4, the data for each funct
(ds8 versus signal level in dB! were fitted with a least-square
straight line from which the slope and intercept of the fun
tion was determined. Inspection of individual function
showed that a linear fit was acceptable for estimating
relative steepness of the functions.

Table II lists the mean slopes of the psychometric fun
tions in the three conditions calculated across the mas
samples in each masker set. Results are shown for the
vidual listeners and their mean. The slope of the psychom
ric functions was generally steepest in the random-by-t
condition, intermediate in the fixed condition, and shallow
in the random-by-interval condition. The mean psychome
slope was~1! steeper in the random-by-trial than the rando
1771B. A. Wright and K. Saberi: Random maskers



16
e

di-
-

o
e
ric
r
ne
.0

r
va
n
a
a

iph

e
al
nt
h
sk
7

ec
n

ro-
his
by-
ive
-by-
ig-
ker

by

the
the

ave
-by-
one

y
nd
of the
1,

but
for

ker
ted

dif-
tion
en

im-
ent
by-

re-
ence
h set
r-

rom
f
ome-

de-
n.
for-
for
for
ef-
ws
ker
as
e

con-
a-
r-

di

l

by-interval condition for every set size, and in 11 of the
individual cases,~2! steeper in the random-by-trial than th
fixed condition for every set size and for 10 of the 16 in
vidual cases, and~3! steeper in the fixed than the random
by-interval condition for all but the set size of 2, and in 11
the 16 individual cases. Using molar psychophysics, N
and Callaghan~1987! measured the slopes of psychomet
functions ind8/dB units with stimuli and conditions simila
to those tested here. The mean slopes of their four liste
were in the same general range as the present report at 0
in the random-by-trial condition~termed ‘‘fixed’’ by them!
and 0.095 in the random-by-interval condition~termed ‘‘ran-
dom’’ by them!. Two of their four listeners had steepe
slopes in the random-by-trial than the random-by-inter
condition. They did not report results for the fixed conditio
Differences in the psychometric slope across conditions
usually thought to indicate that different internal nonline
transformations of the stimulus scale occur either at per
eral or central sites in each condition~Egan, 1965; Laming,
1986; Saberi and Green, 1997!. Such nonlinearities may b
modeled as a power-law transformation of the stimulus sc
On a logarithmic scale, the exponent becomes the consta
proportionality, i.e., the slope. Laming has described psyc
metric slopes from one to eight for visual and auditory ta
~see also Egan, 1965; Dai, 1995; Saberi and Green, 199!.

The actual signal SPL estimated to yield 79% corr
detections was calculated by determining the relative sig
level that corresponded to ads8 of 1.15 ~79% correct! from

TABLE II. Mean slopes of the psychometric functions in the three con
tions calculated across all of the masker samples~n! in each masker set. The
individual listener means, and the grand mean and6 one standard error of
the mean, are listed.

Condition

n Listener Fixed Random-by-trial Random-by-interva

JF 0.048 0.053 0.042
WD 0.062 0.086 0.057

10 TB 0.146 0.101 0.067
SC 0.109 0.141 0.108
Mean 0.091 0.095 0.069
se ~0.004! ~0.004! ~0.004!

JF 0.050 0.045 0.045
WD 0.062 0.131 0.060

6 TB 0.148 0.092 0.093
SC 0.115 0.165 0.117
Mean 0.094 0.108 0.079
se ~0.006! ~0.006! ~0.003!

JF 0.048 0.045 0.043
WD 0.068 0.131 0.062

4 TB 0.155 0.118 0.095
SC 0.117 0.177 0.153
Mean 0.097 0.117 0.088
se ~0.008! ~0.004! ~0.002!

JF 0.048 0.050 0.063
WD 0.068 0.156 0.104

2 TB 0.129 0.090 0.099
SC 0.095 0.119 0.135
Mean 0.085 0.104 0.100
se ~0.006! ~0.000! ~0.000!
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the fitted functions and then adding that value to the app
priate random-by-trial threshold measured adaptively. T
was a straightforward process for the fixed and random-
trial conditions, for which there were separate adapt
thresholds for each masker sample. For the random
interval condition, however, the calculation of the actual s
nal SPL was complicated by the fact that each pair of mas
samples produced only oneds8 psychometric function. The
actual signal SPL used in that condition was calculated
adding the single 79% correct value from theds8 function
separately to each of the two adaptive threshold values of
two maskers in the pair. This calculation assumes that
signal threshold in each of the maskers in a pair would h
been increased by the same amount due to random
interval uncertainty had it been possible to measure each
independently.2 It is doubtful that this assumption is strictl
true. However, the results obtained with it are orderly a
seem more reasonable than the adaptive measurements
influence of random-by-interval uncertainty shown in Fig.
for which no correction for bias was applied.

Figure 5 is plotted in the same manner as Fig. 1,
shows the results obtained from the actual signal SPLs
79% correct detections derived from theds8 psychometric
functions.1 These results are free of the influence of mas
bias. In contrast to the mean difference scores calcula
from the adaptive thresholds shown in Fig. 1, the mean
ferences between the random-by-interval and fixed condi
~right column! were consistently larger than those betwe
the random-by-trial and fixed condition~left column!. Thus
uncertainty about which masker was to be presented
paired performance, and the magnitude of that impairm
was greater in the random-by-interval than the random-
trial condition.

3. Size of the masker set

Figure 6 shows the mean effect of random-by-trial~open
squares! and random-by-interval~filled squares! uncertainty
as a function of the number of different masker samples p
sented in each test. Each point represents the mean differ
score calculated across all of the samples tested for eac
size in Fig. 5.1 Thus the left-most points are based on diffe
ence scores from two samples and the right-most points f
ten samples. The error bars indicate6 one standard error o
the mean. Note that because the psychometric slopes s
times differed among the fixed and random conditions~Table
II !, the calculated magnitudes of the uncertainty effects
pends on the percent-correct level chosen for examinatio

Two aspects of these data deserve notice. First, per
mance was clearly degraded with only two samples
random-by-interval uncertainty, and four samples
random-by-trial uncertainty. The demonstration of clear
fects of uncertainty with only a few masker samples sho
that listeners are very susceptible to the influence of mas
uncertainty, and presumably to other forms of uncertainty
well. This susceptibility provides additional support for th
idea that everyday situations are better represented by
ditions with than without uncertainty. It also shows the fe
sibility of quasimolecular investigations of the stimulus cha
acteristics that lead to large or small uncertainty effects.

-
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FIG. 5. Parallel to Fig. 1, but the values were derive
from theds8 psychometric functions, thereby removin
the influence of masker bias from the threshold es
mates in the random-by-interval condition. Note th
the ordinate range in the floating panel is greater than
Fig. 1.
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Second, the mean detrimental influence of random-
trial uncertainty grew by about 7 dB, and that of random-b
interval uncertainty by about 11 dB, as the size of the mas
set was increased from two to ten. The difference in the
of growth between the two types of uncertainty was d
almost exclusively to performance with a set size of two. F
set sizes of four and greater, random-by-interval uncerta
was consistently about 9 dB greater than random-by-trial
certainty. For both types of uncertainty, the mean grow
reached a plateau for set sizes of four and six, but increa
again for the set size of ten. The magnitude and form of
growth should be interpreted with caution, because o
samples A and B were tested with the smallest set s
When only those samples were included in the analysis, b
types of uncertainty grew by about 8 dB, with the sam
pattern as for the whole data set, as the set size was incre

FIG. 6. The mean effect of random-by-trial~open squares! and random-by-
interval ~filled squares! uncertainty as a function of the number of differe
masker samples presented in each test. Each point represents the me
ference score calculated across all of the samples tested for each set s
Fig. 5. The error bars indicate6 one standard error of the mean.
1773 J. Acoust. Soc. Am., Vol. 105, No. 3, March 1999
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from two to ten. Though based on a limited set of mas
samples, the roughly parallel increase in the two types
uncertainty with set size suggests that listeners may use
same detection strategy less successfully, or less efficie
in the random-by-interval than the random-by-trial conditio

For comparison, the mean adaptive estimates of rand
by-trial uncertainty were on average 1 dB larger than
constant-stimuli estimates. For set sizes of two, four, six,
ten, the adaptive values were 3, 6, 7, and 9 dB, and
constant-stimuli values 1, 5, 5, and 9 dB. The mean adap
estimates of random-by-interval uncertainty were on aver
4 dB smaller than the constant-stimuli estimates. For
sizes of two, four, six, and ten, the adaptive values were
10, 8, and 13 dB, and the constant-stimuli values 7, 14,
and 18 dB. To the extent that the mean of quasimolecu
adaptive estimates corresponds to molar measuremen
other experiments, the present results indicate that molar
molecular estimates are similar for random-by-trial unc
tainty, but that molar analyses may underestimate the in
ence of random-by-interval uncertainty.

4. Sample-specific influence of masker uncertainty

The influence of uncertainty differed among the mas
samples. As shown in Fig. 5, when the set size was ten,
mean influence of random-by-trial uncertainty ranged fro
21 dB ~sample I! to 14 dB ~sample G! and the mean influ-
ence of random-by-interval uncertainty ranged from 12
~sample C! to 27 dB~sample J!. The mean magnitude of th
uncertainty effect for each masker sample showed a Sp
man rank correlation ofr s50.65 (p,0.05) between the two
types of uncertainty. Thus the effects of the two types
uncertainty tended to be both large, or both small, for
same masker samples.

dif-
e in
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There were significant Spearman rank correlations
tween the mean magnitude of the random-by-interval un
tainty effect and the frequency difference between the n
est masker components below and above the sig
frequency (r s50.65, p,0.05, two-tailed test!, and between
the adaptive measure of random-by-trial uncertainty and
same frequency difference (r s50.64,p,0.05):3 The smaller
the frequency difference, the greater the uncertainty eff
Both random-by-interval (r s50.55, p,0.10) and adaptive
random-by-trial (r s50.81, p,0.05) uncertainty were also
significantly correlated with the frequency distance to
masking component nearest to the signal frequency~but not
with the frequency distance to the nearest component ex
sively above or below the signal frequency!: The closer the
nearest component, the greater the uncertainty effect. O
reports have also associated masking components clos
the signal frequency with the production of uncertainty
fects ~Neff and Callaghan, 1987; Lutfi and Doherty, 1994!.
One interpretation of these relationships is that listeners u
narrow attentional filter matched to a single peripheral fil
in the fixed condition, but use a wider attentional filter who
output represents the sum of the outputs of multiple sepa
peripheral filters in the random conditions~Lutfi, 1993; Neff
et al., 1993!. The increase in the bandwidth of the attention
filter would lead to an increase in signal threshold. As o
served, this threshold increase would be greatest when
frequency separation of the masking components close
the signal frequency was small.

5. Individual differences

Finally, there were systematic differences in the perf
mance patterns across individual listeners. For example,
tener JF, who had the largest uncertainty effect in 70% of
cases in Fig. 5~squares!, also showed the highest thresho
in every fixed condition in Fig. 5~squares!, the shallowest
mean psychometric function in every case~Table II!, and the
most masker bias~her averagedm8 across set sizes at210 dB
from Fig. 3 was 0.99, compared to 0.76 for WD, 0.93 for T
and 0.30 for SC!. In contrast, listener SC, who had or tied f
the smallest uncertainty effect in 59% of the cases in Fig
~inverted triangles!, also showed the steepest mean psyc
metric functions in 58% of all the cases and 88% of t
random cases in Table II, and the least masker bias~right
column of Fig. 3!.

Using molar psychophysics, Neff and her colleagu
have reported remarkably large threshold differences ac
listeners in random-masker conditions~Neff et al., 1993;
Neff and Dethlefs, 1995!. Using quasimolecular psychophy
ics, the present listeners show similarly marked thresh
differences in the random-masker conditions, but also sh
large threshold differences in the fixed condition~see float-
ing panels in Figs. 1 and 5!. The threshold differences in th
fixed condition are important because with the quasimole
lar approach the uncertainty effect is measured by subtr
ing threshold in the fixed- from that in the random-mask
condition. This analysis reveals that the actual uncerta
effect is sometimes different from that apparently indica
1774 J. Acoust. Soc. Am., Vol. 105, No. 3, March 1999
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by the threshold in the random-masker condition. For
ample, listener WD, who had the largest or second larg
uncertainty effect in 89% of the cases in Fig. 5~circles! had
the lowest threshold in 70% of the fixed conditions~Fig. 5;
circles!. Therefore, her actual thresholds in the rando
masker conditions~fixed threshold plus the difference thres
old plotted in Fig. 5! were much lower, on average by 26 dB
than those of listener JF. The actual thresholds of WD in
random-masker conditions thus give the mistaken impres
that she was not influenced much by uncertainty.

III. SUMMARY

A quasimolecular psychophysical approach was use
investigate how uncertainty about the frequency content o
ten-tone masker sample affected the ability to detec
1000-Hz signal. The masker sample was either fix
throughout a block of two-interval forced-choice trials~fixed
condition! or was randomized across~random-by-trial condi-
tion! or within ~random-by-interval condition! trials. The re-
sults showed the following.

~1! Masker bias:When the signal level was low and differ
ent masker samples were presented on the two obse
tion intervals of a trial, listeners often based their r
sponses more on the presence of a particular ma
sample than on the presence of the signal~Fig. 3!. Signal
threshold in the fixed condition was higher in the favor
than than the unfavored sample in the majority of cas
Adaptively measured signal thresholds in the rando
by-interval condition were clearly skewed by this bi
~Fig. 1!. A method was described by which masker bi
can be identified and separated from sensitivity to
signal ~Fig. 2!.

~2! Psychometric functions:Psychometric functions mea
sured with the same masker sample were gener
steepest in the random-by-trial condition, intermediate
the fixed condition, and shallowest in the random-b
interval condition~Fig. 4, Table II!.

~3! Size of the masker set:Performance was clearly de
graded with only two masker samples for random-b
interval uncertainty and four samples for random-by-tr
uncertainty. As the size of the masker set was increa
from two to ten, the mean magnitude of the effect
both types of uncertainty grew in parallel by an avera
of 9 dB ~Fig. 6!.

~4! Sample-specific influence of masker uncertainty:The
magnitudes of both types of uncertainty effects varied
15 dB across individual masker samples. Signal det
tion was most affected by both types of masker unc
tainty in samples that had frequency components clos
the signal frequency.

~5! Individual differences:There were systematic differ
ences in the performance patterns across individual
teners. The two listeners who were the most and le
affected by both types of masker uncertainty a
showed, respectively, the shallowest and steepest
chometric functions, and the most and least masker b
Threshold in the random-masker conditions did not re
ably reflect which listeners were most influenced
uncertainty.
1774B. A. Wright and K. Saberi: Random maskers
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1The data of listener JF in the random-by-interval condition for mas
samples E and F collected with a set size of six are omitted from the m
values reported for her in Figs. 3 and 4. That is because the psychom
function fitted to her data for those samples did not yield a signal level
79% correct detections that was between2100 and1100 dB. To include
her data in the grand means in Figs. 5 and 6 and Table II, the ave
difference across samples between the magnitudes of her random
interval uncertainty effects~Figs. 5 and 6! and her psychometric slope
~Table II! whenn510 andn56 was calculated. That value was then su
tracted from her uncertainty effect for samples E and F whenn510 and
used as the estimate of her performance for those samples whenn56.

2A single-interval method would not necessarily solve this problem. At fi
glance it may appear that the hit rate in a single-interval task could
considered the sensitivity to the signal and the false-alarm rate the ma
bias. However, sensitivity to the signal (ds8) in a single-interval task is
calculated from both the hit and false-alarm rates. Furthermore, it woul
difficult to determine the proportion of hits made due to the presence o
signal versus those made due to a bias toward the masker, or the prop
of false alarms made due to the tendency to say ‘‘signal’’ versus th
made due to a bias toward the masker.

3For masker samples A and E that had no components below the s
frequency, the frequency difference was calculated as the frequency o
nearest component above the signal frequency~minus zero!.
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