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Abstract
THE EFFECT OF NOISE BANDWIDTH
ON
AUDITORY INTENSITY DISCRIMINATION
by
Paul N. Schacknow

Advisor: Professor David H. Raab

Raab and Goldberg (1475) have noted that discrimlnation
between the intensities of two bursts of noise was only
slightly affected by changes In the bandwlidth of the
stimuli. Specifically, threshold signal-to-masker ratlios
lmproved by only 1 dB when the bandwidth of the bursts was
increased from 500 Hz to 5000 Hz, This result differs
sharply from what has been reported by Green (1960). In
that paper, the reclprocity between signal power density and
bandwidth was given by both theory and experiment to be 5 dB
per log-unit of bandwidth, Since the signal and masker In
the Raab and Goldberg study were gated together and flltered
together, whereas the masking noise In Green's experiment
was continuous and broad-band, It seemed worthwhile to
examine the effects of bandwlidth and presentation mode on
nolse intensity discrimination.

An experiment was performed to study intensity
discrimination of band=1Imited, Gaussian noise signals

presented In maskers of varlous bandwidths. In some
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conditlons, signal and masker bandwidths were identical
(homogeneous conditions); In other condltlions, masker
bandwidth was broader than signal bandwidth (heterogeneous
conditions). Signal and masker (half-power) bandwidths
ranged from 100 Hz to 10,000 Hz., The nolse masker was
either presented contlinuously throughout an experlimental
sessjon or gated during the observatlion Intervals, A
forced-choice psychophysical procedure was empltoyed to
obtain thresholds for 100-msec nolse signals at three Jlevels
of nolse masker,

It was found that when slignal and masker are flltered
together, intensity discrimination of nolse bands Is
retatively Iindependent of both nolse bandwidth and
presentation mode of the masker. On the other hand,
increasing signal bandwidth results in better discrimination
performance In heterogeneous conditions with both continuous
and gated maskers. Ffurthermore, the degree of
intensity-bandwidth reciproclty depends on the mode of the
masker under the heterogeneous conditions.

These results suggest modifications of the theoretical
energy-detector model for nolse~intensity discrimination
(Green, 1960). Speciflcally, we consider the effects of
neural compression ("whitening'") of the stimulus by human
observers, and opilmal adjustment of the auditory fllter to

maximlze the slignal-to-masker ratio of the Input stimulus,.



Whlle we are able to account for many features of the data
with respect to bandwlidth effects, our understanding of the

effect of masker mode Is less complete.
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Chapter |
INTRODUCTION

Both pure tones and white noise have long served as the
stimull of cholce in studies of Intensity discrimination., A
continuous, sinusoldal tone is completely specified by lIts
fixed amplitude, frequency and phase, while nolse is a
stochastic process and thus stands at the other end of a
scale of waveform complexity (Miller, 1947). Because there
ls a great deal of uncertalnty about its parameters from
moment to moment, nolse Is an information-rich stimulus
(cf., Shannon and ileaver, 1949); Its use as a signal can ald
In determining which of the available stimulus cues are
utilized by observers in Intensity-discrimination
experiments.

Emplirically, the accuracy of subjects s 1imited when
they seek to discover the presence or absence of a signal In
an auditory detectlon task; both misses and false-alarms
occur, Contributing to this less-than-perfect performance
are constraints Imposed by the random nature of the stimull
themselves. While It Is undoubtedly true that the nervous
system of a real observer adds some sort of "internal nolse"
to the declsion process, "stimulus-~oriented” theories of
detection hold that the Inherent trial~-by-trial

fluctuations of the stimull are the cause of faulty



performance,

Recelvers have been descrtibed that are optimal for the
detection of varlous kinds of signals In nolse {(Peterson,
Birdsall, and Fox, 1954). These Ideal recelvers serve as
models for comparison with the performance of real
observers. Indeed, these recelvers are optimal in the sense
that no other receivers -- real or theoretical -- could
achieve better performance, glven the Informatlon provided
by the stimuil, For the several types of signals they
Investigated, Peterson, Blirdsall and Fox showed that an
optimal receiver Is one that bases its decislons on the
computed Vikelihood ratio of inputs, or on some quantlty
that is monotonlc with likellihood ratio. Specifically, for
the case where the signal Is Itself a sample of nolse, they
demonstrated that the optimal recelver Is an energy-
detector.

Green has conducted several experiments which provide
some support for the energy-detector model for the
detectlon of a nolse signal In a nolse masker (Green, 1960;
Green and Sewall, 1962). In the 1960 paper, he Investigated
the influence of the bandwlidth, duration, and center
frequency of a nolse signal on Intensity discrimination, and
compared the results with predictions of the ideal-recelver
model. He concluded: '"For some constant detectabillty the

equation generated by the model! and one constant, an



attenuation factor, closely fit the experimental data over
the major range of the experimental par&meters“ (Green,
1960, p. 121).

Iin particular, the obtained reciprocity between signal
power density and signal bandwldth (henceforth referred to
as the "bandwidth effect") was approxlmately -5 dB per log-
unit of bandwidth, the value generated by the energy-
detector model. Raab and Goldberg (1975) found, however,
that threshold signal-to-masker ratlo decreased by only
about 1 dB when noise handwidth was Increased tenfold. |In
the Raab and Goldberg study, the slgnal and masker were
gated together and filtered together, whereas In Green's
experiment, the masker was presented contlnuously and was
broader In bandwidth than the signal. The recelver of the
optimal model does not distingulsh among the different
experimental procedures employed by Green and by Raab and
Goldberg; Its performance [s identical under elther set of
conditions. Thus it appeared worthwhile to examine in
greater detall the effects of bandwidth condlitlions and m?de
of the masker on nolse-Intensity discrimination.

That Green disagrees with Raab and Goldberg on the
magnlitude of the bandwldth effect is not a trivial problem.
Factors such as "internal nolse" make it unllikely that human
observers will perform as efficientiy as ldeal recelvers.

The usefulness of the mathematlical models lles, however, In



(1) their abllity to point out important stimulus
parameters, and (2) thelr ablllty to predict the way In
which manipulation of these parameters will affect changes
in the Jetectlon process. |f varying stimulus parameters
changes the performance of a real observer In a manner that
parallels the detectlon process for the [deal receiver, then
the model has some validlity. Green's (1960) results have
contributed to the acceptance of the energy-detector as a
valld analog of the human auditory system (Green and Sewall,
1962; Pfafflin and Mathews, 1962; de Boer, 1966; Henning,
1967); that the experiment of Raab and Goldberg (1975)
nelther confirms Green's findings nor supports a fundamental
prediction of the model Is therefore a matter of some

consequence,

A, Cnergy-Detection Model for Audition

CGreen (1960) extended the Peterson, Blrdsall and Fox
(1954) energy-detector model for noise-~Intensity
discrimination to the two-interval, forced-cholce (2I1FC)
experiment. A burst of nolse (the "signal") Is added to a
continuous background of noise (the "masker™) In one of two
temporal Intervals. The receiver's task is to determline
which of the Intervals contained the added segment of noise.

The mode]l assumes that there iIs precise knowledge of



stimulus parameters: slgnal starting time, duration,
bandwidth and center frequency.

The ideal receliver Incorporates an input filter with a
"rectangular" passband that Is adjustable with respect to
its bandwidth and center frequency. The recelver matches
Its passband to that of the nolise signal. Stimulus energy
outside the signal passband has no influence on the
detectlon process. Hence, the ideal observer performs
equally well with noise maskers having elther the same
bandwidth as the slignal (as In Raab and Goldberg, 1975), or
a greater bandwidth than the signal (as in Green, 1960).
Center frequency per se Is also unimportant so long as the
passbands of the receiver and signal are matched. The
random fluctuations in stimulus enerey that serve to limit
performance are a function of signal bandwidth (Wg) but are
Independent of the center frequency (f.) of the passband,
Thus the ideal receiver exhlblts the same thresholds for
stimull that have equal bandwidths but different center
frequencies.

As the ldeal recelver fllters In the frequency domain,
50 Is it selective In time. Stimulus energy Is measured
only during the two observation Intervals ~- the only time
perlods when the signal may occur. Since energy nresent at
other times Is ignored, It makes no difference to the tdeal

receiver whether the signal Is added to a contlnuous masker



{(Green, 1960) or to a gated masker (Raab and Goldberg,
1975).

In the 2IFC experiment, the interval contalning the
signal will, on the average, have the greater energy.
However, statistlcal fluctuatlions will sometimes cause the
the interval with the masker alone to have more energy
than the interval with signal-plus-masker. Although an
optimal detection strategy is employed, sample-to-sample
varlability of the noise nevertheless results in less than
perfect performance. Whlle It is more probable that the
interval with the greater stimulus energy Includes the
signal, it Is not certaln.

Figure 1-1 shows the energy distributlons conditlional
on elther signal belng presented along with the masker, or
the masker present alone. The recelver functions as a
statistical hypothesis-tester, measuring the stimulus
energy durlng each of the observation intervals and
reporting that the signal occurred in the Interval with the
greater energy. In derlving the means and varlances of
these distributions (as shown In the figure) Green makes
certain simplifyling assumptions about the nature of the
random nolse process. The nolse source Is assumed to be
Gaussian with a uniform spectral-power density. The
continuous waveform of the nolse sample Is then represented

by a discrete approximation, using a finite serles of zwsT



Figure 1-1

Theoretical energy distributions for signal-plus-masker and
masker alone, So and No are, respectively, average power
per Hz for signal! and for masker. The signal and masker

waveforms are statistically independent (average r = 0),



PROBABILITY DENSITY

Density Function
of Noise Alone

0"'4WT No

Density Function of
Signal Plus Noise

O= VWT (No +Sg)

ENERGY

WT(Ng+Sp)




terms In a Fourier expansion (where Wg Is the signal
bandwidth In Hz, and T Is the siznal duration in seconds).
Green notes that the energy distributions Iin Fligure 1-1 may
be approximated by normal distributions If 2T Is greater
than 30.

For the forced-cholce paradigm the declision rule for
optimal detectlon is to report the Iinterval having the
larger energy as the one containing the sirnal, The
probability of a correct response by the ldeal recelver Is
the likelthood of a random sample drawn from the signal-
plus-masker dlstribution belng greater than one selected
from the distribution of masker enersy alone. This
probabllity is computed by considering the theoretical
distribution of the set of differences between samples taken
from the distributions of signal-plus-masker, and masker
alone. Since both of these energy distributions are
approximately normal, this difference dlstribution Is also
approximately normal, The mean of the dlfference
distribution is equal to the dlfference between the means,
and, since the noise samples In the two observation
intervals are Independent, the varlance Is simply the sum of
the two varlances. The normallzed mean of the difference

distribution is

Wel So 1 (1-1)

"tV No V1 + Sg/Ng + 172 (Sg/Ng)?




where S, and N, are the spectral power densitles of the
signal and maskers waveforms, respectively. For S,/N, << 1,

Equation 1-1 is approximated by

My VT S (1-2)

Thus: (1) The psychometric function == percent correct
as a function of Sy5/N, == |s generated by the upper half of
a normal ogive, since the difference distribution Is
approximately Gausslian. (2) The Weber fraction (SOINO), for
constant detectabllity, Is determined by slgnal bandwidth
(W) and duration (T). Furthermore, Weber's Law holds true.
(3) There Is perfect reciprocity between W, and T; nelther
"M" nor the Weber fraction Is affected by trading We and T
for each other. (4) For flxed No» and constant
detectability, the reciprocity between So and el ther Ns or T
is such that a tenfold Increase in either W, or T ylelds a
half-log unit Improvement in the Weber fraction.

The psychoacoustic literature on noise-Iintensity
discrimination Is reviewed In the next sectlion of this
chapter. First, the form of the Vvieber functlon Is
considered for both narrowband and wideband stimuli. Under

what conditions s Weber's Law obtalined? What are the
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effects of the mode of the masker (continuous vs. gated)?
Does the form of the \leber functlon depend on the bandwidth
conditions (l.e., whether Wg = VWp, or whether Wg ¢ HWp)?
Second, the literature on the reciproclity between slignal
Intensity and duration is examined. The effects of masker-
mode and bandwldth conditions on Intensity=-duration
reciproclity are noted. Finally, data on the effect of
bandwidth are reviewed. That both filtering and mode of
masker influence intenslty-bandwidth reciprocity is
suggested from the experiments of Green {(1960) and Raab and

Goldberg (1975) previously cited.

B. Intensity-Discrimination Functions for Nolse Stimull

The form of the Weber function has long been of
Interest to psychophysicists. Conventionally, the Veber
fraction Is plotted as a functlion of stimulus intensity.
lleber's Law is evidenced If the data are well fitted by a
horizontal iine.

Alternatively, the results can be plotted as an
"intenslty~-discrimination functlon." Conslider one

generalized form of the Weber function,

&1 =« k™. (1-3)
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Taking logarlthms of both sides,
1og(@1) = m log(1) + log(k) . T 1w

This function is linear on a log-log plot and values for m
and k can be estimated from experimental results using
standard regression technliques,

The slope, m, of Equation (l<4) is found to equal
unity for a varlety of Intensive continua (Fechner,
1860/1965). This is Weber's Law. That the Weber fraction
decreases with Intensity for pure-tone stimuti Is, however,
well established (Dimmick and Olson, 1941; Campbell, 1966;
Campbell and Lasky, 1967; McGill and Goldberg, 1968 a, b;
Viemeister, 1972; Schacknow and Raab, 1973; Penner,
Leshowitz, Cudahy, and Ricard, 1974). Intensity
discrimination functlions for sinusoldal stimuli have slopes
between 0.80 and 1.00. This so-called "near-miss" to
leber's Law has been used to support a neural counting model
of detectlon (McGl¥1, 1967).

The slituation with respect to nolse stimull Is somewhat
more complicated, A number of studies have shown that the
intensity difference-limen for wideband nolse is
independent of the level of the masker. Miller (1947)
presented listeners with a contlnuous noise background to

which a signal was added perliodically. Signal! and masker
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bandwidth were the same, 6850 Hz; signal duration equalled
1.5 seconds. Signal-to-masker ratlos for fifty percent
correct responses were interpolated from "yes"/"no"
psychometrlc functions. Weber's Law was exhlbited for
intensities greater than 30 dB sensation level (SL),.
DiIscrimination thresholds were -9 dB to -10 dB. Harris
(1950; see also Harrls, 1963, pp. 40-41) essentially
repllicated iller's experiment and obtained similar results.
Pollack (1951) employed the method of limits In a decrement-
detection experliment wlth broadband maskers (W, = Yy
Subjects heard a five-second presentation of continuous,
uninterrupted noise, which was alternated with a flve~
second presentation of perlodically decremented noise.
Decrements were 55 msec In duratlion and were preceded and
followed by 45 msec of the standard noise, The slze of the
decrement was adjusted (in ascending and descending fashion)
until subjects could not distinguish between the interrupted
noise and a continuous noise of the same intensity. The
tleber fraction was constant at -10 dB for nolse Intensitles
greater than 35 dB SPL (sound pressure level, or dB re
0.0002 microbar). Raab, Osman, and Rich (1963) used a 2IFC
procedure to determine thresholds for 500-msec Increments
In a continuous noise masker. Slignal and masker bandwldth
were equal, 6900 Hz, The slope of the Intensity

discrimlnation function for the data as glven In thelr



{1
Figure 1 (for masker Intensities greater than 16 dB SL) lIs

1.02; YWeber's Law held true (d1/1) = -9,2 dB) over a 60 dB
range of stimulus Intensities,

Intensity-discrimination functions for wideband nolse
have also been obtained using gated maskers. Postman (1946)
studied the effect of changing the Interstimulus Interval
(1S1) on Intensity=-discrimination at several levels of
masker, Stimuli were wideband (W, = W, = 2500 Hz) nolse
bursts of one second duratlion, Psychometric functlons were
generated by the method of constant stimulus differences and
DL's were obtalned by interpolation. For ISl's between 1
and 2 seconds, the Weber fraction was about -10 dB over the
range of intensitles employed. Harris (1950; 1963, pp. 40-
41) determined the form of the Weber functlion for one-
second bursts of white noise bandlimited only by the
response of the PDR-8 headphones worn by the listeners.
Threshold S5/N was constant at approximately =9 4B for
masker levels greater than 10 d8 SL. Small, Bacon and
Fozard (1959) used the method of 1imits to obtaln thresholds
for alternating bursts (T = 1 second) of random noise
presented at three levels: 5, 20, and 50 dB8 SL. Several
bandwidths and center frequencies were utilized. The lYeber
fraction was essentially the same at the two higher levels
of masker. For example, threshold S/N was about ~-8.4 dB

for noise with an 8033-Hz bandwidth, at both 20 and
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50 dB SL. For technical reasons, their 127-Hz band of nolse
could not be presented over a broad range of Intensities; as
a result, the experiment tells us little about the form of
the Weber function for narrowband noise. Viemeister (1974)
measured discrimination thresholds for 200-millisecond,
wideband bursts of nolse using a8 21FC tracking method.
Stimulus bandwidth was determined by the frequency response
of the TDH=-39 headphone. UYeber's Law held over at least an
80 dB range of masker spectrum-level. lMoore and Raab

(1975) also employed the 2IFC psychophyslcal procedure

and obtained thresholds for nolse bursts of 10 and 250 msec.
Again, the stimul] were wlideband, limlited only by the
response of the Sennhetser HD-41l4 headphone., They reported
slopes of Intenslity-discrimination functions close to unity
for both burst durations.

The Viemeister (1974) and Moore and Raab (1975) studles
also provide data for the Intensity discrimination of cated
noise bands in the presence of bandstop background noises.
in the Viemelster study the background was gated together
with the signal and masker; in the Moore and Raab study the
background was on continuously., {n both experiments, the
noise spectrum-level within the passband of the bandstop
background was at least 10 dB more intense than the standard
burst. Both studies reported Weber's Law for "notches"

varying in width from about 100 Hz to 4000 Hz,
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In an experiment by Zwlicker (1956), subjects were asked
to detect the presence of amplitude (envelope) variations In
a noise-band carrler that was sinusoldally modulated at the
rate of 3 4z, The depth of modulation at threshold was used
as an index of differentlial sensitivity., Zwlcker reported
constant detectablllity for masker levels greater than
30 d8 SPL with wideband noise (Wy 3 2000 Hz). The center
frequency of the nolse band was unimportant. Rodenburg
(1372 a, bh) conflrmed Zwicker's finding using a white-noise
carrier that was sinusoldally modulated at the rate of
10 iz, Ueber's Law was found with all listeners for nolse
intensitlies ranging from 20 to 60 dB SL, The average depth
of modulation at threshold was approximately 3 percent.

This value corresponds to a slgnal-to-masker ratio of
about -9 dB,

Hith two exceptions, the experiments we have reviewed
all provide support for Weber's Law wlth wideband nolse.
Green and Sewall (1962) reported slightly enhanced
differential sensitivity at higher levels in a 2IFC
experiment with contlinuous maskers., The Increment signal
lasted 100 msec; signal and masker bandwldths were the same,
4000 Hz. Thresholds were estimated from psychometrlc
functions obtained at several masker levels, A 2 dB
Improvement in threshold S/N was noted over a 40 dB range of

masker SPL. Viemelster (1974) plotted Veber functions for
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Intensity dlscrimination of bandpass noise (650 !iz to
2000 Hz). Stimuli were 200 milllsecond bursts of nolse;
thresholds were determined with a 2I1FC tracking procedure,
.Heber fractlons were found to Improve slightly with
increasing masker Intenslty.

The two Intensity-discrimination experiments that have
been performed employing narrowband noise dlffer with
respect to the matter of Weber's Law. Bos and de Boer
(1966) used a Bekesy audlometer to control the Intensity of
a noise signal (T = 125 msec) that was added periodically to
a continuous background. Weber functions were determined
separately for two bands of nolse (200 Hz and 800 Hz) which
were both centered at 1000 Hz, Threshold S/N varled
Iinversely with masker intensity, althourh the effect was
more pronounced for the narrower bandwidth, Malwald (1967)
used the amplitude-modulation technlque with a 127-11z band
of noise centered at 1000 Hz, The sinusoldal modulation
rate was & Hz, Detectablllity was Independent of the level
of the carrler.

in summary, four types of experiments have been
performed to determine intenslity difference-1Iimens for
noise, In the contlnuous-masker paradigm, subjects must
choose the temporal I[nterval believed to contaln a signal
that has been added to (or subtracted from) a background of

continuous nolse, !ilth gated-maskers the listener's task
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Is to select the more Intense of two nolse bursts., The
third procedure employs a relatively intense bandstop nolse
to regulate the bandwidth of the signal and masker. This
bandstop background may be presented elther continuously or
zated with the stimulus bursts. In the two studles reviewed
above, the masker was gated together with the Iincrement
signal. The fourth method, that of amplitude-modulation,
requires the subject to detect the presence of envelope
fluctuations In a nolse-band carrler. |In all four types of
studies, the bandwidths of the signal and masker viere
Identlcal. The experiments employling amplitude-modulation
used flutter rates of 10 !iz or less.

With wideband nolse stimull ‘leber's Law was obtalned In
all cases but two, Green and Sewal) (1962), and Viemelister
(1974). Differentlal sensitivity was found to be
independent of masker level for all four psychophysical
procedures,

With narrowband noise, the evidence for lleber's Law Is
not consistent, On the one hand, a 'near-miss" to Vleber's
Law Is found with contlinuous maskers, especially for the
more narrowband stimuli. On the other hand, the ampl!tude-
rmodulation technlque ylelds ‘leber's Law for noise bandwidths

as narrow as 127 liz, NO experiments have been performed
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with gated stimult.

C. Intenslty-Duration Reclprocity

Green (1960) studied the effect of duratlion on
detection of a nolse signal presented In a contlnuous masker
(spectrum-level, 50 dB SPL). The signal and masker had
equal bandwlidths, 3862 Hz. For stimull lasting between 3
and 300 msec, a plot of 10 log S,/N, against duration had a
slope of approximately =5 dB per tenfold increase In slignal
duration. Plots such as this are called "intensity-
duration functions." Slopes of these functions have the
dimension of dB/log-unit of T. Campbell! (1963) replicated
Green's experiment. Using maskers that were contlnuous and
broadband, he found that a log-unit increase in duratlion
produced an approximately 5.5 dB decrease In threshold S/N.
Signal and masker bandwidths were equal, 5000 Hz; masker
spectrum-level was 50 dB SPL.

Some experimenters have reported slopes of intensity-
duration functlons that are less than that predicted by the
energy-detector model. A study by Macmiilan (1973) using
stimuli with a 5000-Hz bandwidth (W, = W,) gave Intensity
duration trades of -4.1 and -3.5 dB/log-unit of T for the
detection of nolse increments and decrements, respectively,

Spectrum-tlevel of the continuous masker equalled 62 dB SPL.
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Raab and Goldberg (1975) presented thelr listeners with
gated noise-maskers. The subjects showed an average
Improvement of about 3.7 dB in threshold Sy,/N, for a decade
increase In duration with broadband stimull

(Wg = ', = 5000 '1z). The corresponding Intenslty~duration
function for narrowband noise (Wg = ll, = 500 Hz) had a slope
of approximately =3.5 dB per log=-unit of T,

The psychoacoustlic literature also contains three
studies which reported Intensity-duratlion functions whose
slopes are steeper than -5 dB/log-unit of T. Raab, Osman,
and Rich (1963) used continuous maskers which were presented
over a large range of intensitlies. Signal power needed to
malntain 75 percent correct detection decreased at the rate
of about 7 dB per log=-unit of duratlion. Slignal and masker
bandwidths were both 6900 Hz. Rochester (1971) obtalined a
slope of about -8 di per log-unit of T for the Intensity-
duration function. She employed continuous maskers t two
spectrum-levels, 54 and 6% dB SPL., Rodenburg (1972) used
gated maskers at 30 dB SPL. Both narrowband nolse
(Wg = W, = 300 Hz) at several center frequencies and one
relatively wide band of nolise (equal to the passband of the
headphones employed) were utlilized, We have computed the
slopes of intenslity~duration functlons for the data
obtalined at burst durations between 25 msec and 100 msec.

Intensity-duration reclproclty, averaged across subjects
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and center frequencies, was ~7.4 dB per log-unit of T for
the narrowband stimull. For the wideband noise the
corresponding value, averaged across subjects, was

-10 dB/log-unit of T,

" An intenslty~duration trade of =10 dB In signal power
for a decade Increase In signal duration indlcates a
complete reciproclity between S, and T; performance is not
affected by trading signal power and duration. Perfect
energy~integration {(such as was exhibited by Rodenbure«'s
subjects listening to wldeband stimuli) has often been
reported In studies measuring ahsotute threshold (c.f.,
N1son and Carhart, 1966), but Is not noted in any of the
o‘'ter studies on intenslty-discrimination reviewed In thls
section.

To summarize, several studles using el ther contlnuous
or gated maskers provide Intenslty=-duration functlons with
slopes that are equal to or greater than that glven by the
energy~detection model. On the other hand, hoth Raab and
Goldberg (using gated stimull) and Hacmillian (in his
decrement-detection paradigm) found slopes that were
apprecliably shallower than predicted, There s no obvious
way of reconcillng these dlvergent findings with ideal
recelver theory; the optimum-detector dces not distinguish

between Increments and decrements, nor among the different

psychophysical procedures employed.
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D. Intensity=-Bandwidth Reclproclity

Recall that the energy-detector model predicts
Improved discrimination as the bandwidth of the stimulus Is
Iincreased. The principle Involved is statistlical; as the
nolse bandwidth Is increased so Is the number of Fourler
components used to approximate Its waveform., As a result,
the relative varlabillty (sigma-to-mean ratio) of the
noise energy, measured from trial-to~trlal, decreases as
the square-root of bandwidth increases. The principle is
the same as that involved In Increasing the "power'" or
"senslitivity" of common tests of sisnificance; the standard
error of a statlistic Is Inversely proportional to the
square~-root of sample size. Thus for constant
detectabllity, the Ideal receiver has an intensity-
bandwidth reciproclity (or bandwidth effect) of =5 48 in
signal pover for a tenfold increase In signal bandwldth,

Studlies of the magnltude of the bandwidth effect for
Gaussian nolse have employed a varlety of experimental
procedures, Green (1960) asked hls subjects to indicate
which of two temporal Intervals contained a nolse signal
added to a broadband (W, = 5143 Hz), contlnuous masker.
Signal-to-masker ratios for 75 percent correct detections

were computed by Interpolation from psychometric functions,
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Three values of signal bandwldth were used: 655 Hz,

3862 Hz, and 5143 Hz, Wwhile the absolute value of

10 log So/”o necessary for 75 percent correct detections
fell short of the model's predlctlions by about § to 6 dB,
the observed change In detectabllity as a functlion of
bandwidth was in reasonable agreement with the theory:
about =4.3 dB Iin Sg per log-unlt of siznal bandwlidth.

Green concluded that the center frequency of the signal band
had no effect on the shape or location of the psychometric
function. 'le note again that the receliver of the Ideal
model both lgnores stimulus energy outside the slignal
passband and listens only durlng the observation Intervals;
the results of Green's experiment support the notlon that
real observers are capable of doling these same thlings,

The 655-Hz nolse bands were presented at several center
frequencles; for this bandwidth, Green reports threshold
So/!ly averaged across all center frequencies.
Unfortunately, signal duration was 100 msec for the 655<Hz
bands and 250 msec for the two wlder bands. Green
"adjusted" the thresholds for the 100-msec (655-Hz)
signals, in order to compare them with those obtalned with
the 250-msec signals. Flinally, the masker spectrum-level
for the 655=-Hz noise bands was 10 dB hligher than the
spectrum~level for the 3862-Hz and 5143«Hz bands., It Is

from these data -- given in Green's Table I! (p. 128) =~=
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that we have computed the value of -4.3 dB/log-unit of W,
for the Intensity-bandwlidth reciprocity. (Data for two
subjects were averaged.) Needless to say, this value may
not reflect the effect of only slignal bandwlidth on Intensity
discriminatlion.

Campbell (1964) also used a continuous masker that had
a wilder bandwidth (W, = 4940 Hz) than the noise signals.
Four narrowband signals were employed; each had a duration
of one second and a bandwidth of 700 Hz., Signal passbands
were centered at 500, 1000, 2000, and 3000 Hz. A wldeband
signal of 3200 Hz was also utllized. Dlscrimlination
thresholds for the 700-Hz slignals depended on both the
masker level and center frequency. At moderate intensitles,
the magnitude of the bandwldth effect compared favorably
with the model's predictlons. For example, the model
forecasts & 3.3 dB lowerling of threshold S$S/N when changing
the signal bandwidth from 700 Hz to 3200 Hz; the observed
shift in threshold was about -3.,5 dB (at a masker
sensation-level of 60 dB). At thils sensation-level,
performance was Independent of center frequency.

Bos and de Boer's (1966) listeners heard continuous
noise maskers, although the deslign of thelr experiment
involved the use of a secondary masking source as well. The
bandwidths of the signal and (primary) masker were

identical; these stimull were, Iin fact, generated from the
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same nolse source, and had a unlform spectral-power
denslity. A secondary, wideband-masker was presented at an
Intensity 20 dB below that of the primary masker (as
measured In a band 1/3-octave wlde surrounding the center
frequency of the signal passband). The secondary masker was
white below 500 Hz; above 500 Hz the spectrum-level of the
secondary masker was attentuated at the rate of 3 dB/octave
(pink nolse). The experimenters felt that this low-level
masking stimulus would prevent "any effect of distortion,
etc., from creeping In ..." {(p. 712), so that the Influence
of non-linearities In the audltory system would thereby be
minimized. A Békésy audiometer was used to control the
level of the signal (T = 250 msec). ![I0ise bandwidth ranged
from 10 to 10,000 !z, each band beling presented at each of
flve center frequencles: 500, 1000, 2000, 4000, and

8000 !iz. 7Two findings are of Interest here., Flirst,
difference 1imens were independent of center frequency for
atl but the 8000-Hz stimull. Second, the trade of signal
power wlth slgnal bandwidth was not as great as that
predicted by Green's model. We have computed the magnltude
of the bandwidth effect for the data of subject EdB (see
Flgure 7, p. 713). For stimulus bandwidths between 300 Hz
and 10,000 Hz -~ where the trade iIs fairly linear on a log-
log plot =~ So decreased by approximately 2 dB per decade

Increase In ws. (This value |s based on data averaged over
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all center frequencles except 8000 Hz.) This Intensity-~
bandwidth reciprocity Is considerably different from the
value of -5 dB/log-unlit of “s obtained by both Green

(1960) and Campbell (1964) who used contlinuous maskers that
were broader In bandwidth than the signal, In the Bos and
de Boer study, signal and masker bandwlidths were equal, If
one ignores the "secondary," plink-nolse stimulus.

Several researchers have used gated maskers In
experiments on the bandwidth effect. Small, Bacon, and
Fozard (1959) presented subjects with bands of noise which
changed In Intensity each second. LIisteners were asked to
adjust the Intensity of the '"variable' noise (which appeared
In alternate seconds) untll the loudness difference between
tﬁe bursts vanished and the stimulus seemed to be
continuous. The method of 1Imits (both ascending and
descending) was employed to adjust the loudness of the
variable bursts. Three octave bands (127-255 Hz; 10u40-
2080 Hz; 4080-8160 Hz) and one "wideband" (127-8160 Hz)
nolse were amployed, each at several sensatlion levels., For
technical reasons, not all passbands could be used at all
masker levels, We have computed the Intensity-bandwidth
reciprocity for the data from thelr highly practiced
subjects at a masker Intensity of 20 dB SL (see Flgure 2,
p. 509). All four bands of noise were used at this masker

level, and wWeber's Law holds true In thls Intensity region
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for the three widest bands of nolse, At this iIntenslty,
threshold signal power traded with stimulus bandwlidth at the
rate of approximately ~2.7 dB/log=unit of bandwidth.

Moore (1975) conducted an experiment simlilar to the
study of Small et al. (1959), except that a 21FC task was
used with gated maskers (T = 300 msec). Stimull were 1/3-
octave bands of noise at center frequencles of 1000, 4000,
and 6300 Hz. Five masker levels were employed; the
bandwldths of the slignal and masker were equal. The mean
(across levels) Iintensity-bandwidth recliprocity was
-2.7 dB/Yog-unit of bandwidth -- similar to the value
obtalned in the Small et al., (1959) study. Note, however,
that the !Moore (1975) and Small et al. (1959) experiments
may not describe the effect of only stimulus bandwidth on
intensity discrimination. Consider, first, that the center
frequency of the passband had to vary as the bandwidth was
changed. There are no data as to whether or not the center
frequency of a nolse-band, per se, !s Important when gated
maskers are used. Second, since the overall sensation level
of each noise band was matched (e.g., 20 dB SL) for each of
the different passbands, the spectrum-level (Mg) of the
masker had to decrease as the bandwidths grew, While
Weber's Law holds for the ldeal recelver, differentlal
sensitivity of real observers may be a functlon of masker

spectrum-level for some bandwlidths, |I|f one Is concerned
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with studying the effect of bandwldth on Intensity-
diserimination, then an experiment where both center
frequency and masker spectrum-level are held constant as
bandwidth Is varied is much to be preferred,

De Boer (1965) generated psychometric functions using
gated maskers in a 21FC experiment. Subjects judged which
of two bursts of nolse (T = 400 msec) contained the
increment signal, Stimuli were bands of noise flltered so
as to contain equal power per octave-band; l.e., they were
pink noises. Thus, masker spectrum-level was not constant,
o belng more Intense for lower frequency components In the
passband than for higher frequency components. The center
frequency of the passbands was flxed at 1000 Hz; signal and
masker bandwldths were the same. Four bands of nolse
-- 63 4z, 250 Hz, 1000 Hz, and 4000 Hz =-- were used with
subject GR, and all but the wldest band were also presented
to listener HV, Slgnal-to-masker ratlos for approximately
75 percent correct detectlons were estimated from the
psychometric functlions (see de Boer's fligures 1 and 2).
Uslng these values, the calculated reclprocities are
-4.4 d3 and ~5.5 dB per log-unlt of W for subjects GR and
AV, respectively. The mean value of =5,0 dB/log-unit of Y
agrees with the prediction of the energy-detector model,
but Is steeper than the reciprocities obtained by Moore

{1975) and Small et al. (1959) with zated maskers.



Raab and Goldberg (1975) also studied Intensity-
bandwidth recliprocity with gated nolse-maskers. Two bands
of nolse -- 500 Hz and 5000 Hz (f. = 1000 Hz) -- were
employed, each at two spectrum-levels of the masker., The
computed reciprocltles, averaged across masker-levels and
subjects, are -0.9 dB/log=-unlt of W for bursts of 10 msec
duration, and -1.1 dB/log-unit of . for 100 msec bursts.
With stimuli that were gated together and flltered together,
Raab and Coldberg found little effect of bandwlidth on
intensity-discrimination, This outcome contrasts with that
of the de Boer (1965) study, where a much greater bandwidth
effect was obtained. 'le note, however, that while the
stimull were gated together and filtered together In both
experiments, Raab and Goldberg employed white noise and
de Boer used polnk nolse.

ioore and Raab (1975) determined intensity=bandwidth
reciprocities for gated bursts of noise In the presence of a
continuous, bandstop-fllitered background, whnse spectrum
level In the passband was 10 dB above that of the masker.
(See thelr Flgure 1 for detalls of the stimulus slituation.)
They computed an average trade of =-2.5 dB In slgnal power
per decade Increase In "notch" bandwldth, over a 40 dB range
in masker spectrum-level.

Intensity-bandwidth reciproclity has also been examlned

using the amplitude-modulation technlque. Zwlcker (1956)
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employed white nolse carriers, modulated sinusoldally at the
rate of 3 !iz, Difference 1imens were constant at
approximately -5.7 d3 for masker bandwidths wlder than
2000 1iz, and intensitlies greater than 30 d8 SPL (see
Figure 14, p. 373). lilth nolse bands less than 2000 Hz
wlde, discrimination became poorer as the passband was
narrowed. Speclifically, changlng, the masker bandwidth by
a factor of ten (from 1000 !!z to 100 Hz) produced a 5.6 dB
Increase In the threshold for detecting noise-amplitude
fluctuatlions. The effect was subhsequently confirmed by
Zviicker and Fetdtkeller (1967). In that experiment, the
modulation rate was 4 !iz. The center frequency of the
noise-band was 6000 Hz (see Figure 38.1). The Intensity-
bandwidth reclprocity was about =-5.4 dB/log=-unit of '{.

Haiwald (1967) determined the depth of modulatinn for
flutter thresholds of sinusoldally-modulated (4 Hz), high=-
pass noise, which had a fixed low~frequency cut-off of
6400 Hz, Note that since the low-frequency cut-off was
held constant, the center frequency of the passband changed
as the bandwidth of the nolse carrier was varited. From the
data in Malwald's Flgure 17 (p. 205), we compute a2 trade of
about -5.5 dB In signal power per decade Increase in noise
bandwlidth,

The two Zwicker studies and the ffaiwald experiment

support the square-root reclproclity of the ideal recelver.
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Rodenburg (1972) also used the amplltude-modulation
procedure to study the effect of bandwidth on noise~
intensity discrimination. Depth of modulation at threshold
was determined as a function of carrler bandwidth for three
center frequencles: 500, 2000, and 8000 Hz, The modulation
frequency was 10 Hz, a rate more than double that employed
In the Zwicker studlies or In the Maiwald experiment.
Rodenburg repticated Zwicker's (1856) finding that
thresholds Improve as nolse bandwidth Is increased untll
some critical value is reached, beyond which thresholds
remaln consant. These "critical" values are different for
each center frequency and are approximately twice as larce
as the zenerally accepted estimates of critical hands (cf.,
Scharf, 1970, p. 162). tlle computed Iintensity=bandwidth
relcproclities separately for each of Rodenhurg's subjects,
and for each of the center frequencies employed. (Only
those data for nolse bandwidths between 100 Hz and the
empirical "“critical” values were used In the computations.)
The bandwlidth effect, averaged across subjects and center
frequencies, Is =-13.4 dB/log-unit of . This value Is
consliderably larger than the Intensity-bandwidth trade of
-5 to =6 dB/log-unit of \ obtalned In earlier experiments
using amplitude-modulation (Zwlcker, 1956; Zwlcker and
Fetdtkeller, 1967; !Malwald, 1967). Perhaps the nature of

the parceptual task varlies as a function of the different
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modulation rates employed from experiment to experiment.

A summary of the experiments reviewed In this sectlon
is given in Table 1-1, Intensity-bandwidth recliprocity
accords wlith the predictlions of the model when maskers are
continuous and 'ls ¢ YWn (Green, 1960; Campbell, 1964); the
degree of recliprocity is less when the background Is
continuous and the slignal and masker have the same bandwidth
(Bos and de Boer, 1966). Gated bands of white noise yleld a
relatively small bandwidth effect when Yg = ', (Small et
al., 1959; Moore, 1975; Raab and Goldberg, 1975; Moore and
Raab, 1975), although with pink nolse stimull, de Boer
(1965) observed the -5 dB trade that Is predicted by the
energy-detector model, 'lo experiments have heen undertaken
using gated stimull with signal bandwidth smaller than
masker bandwidth. Except for Rodenburg's (1972) experliment,
the studles employlng the amplitude-modulation procedure
conflirm the square-root reciprocity of the lIdeal recelver
(Zwicker, 1956; Zwlcker and Feldtkeller, 1967; MHalwald,
1967).

£E. Plan of Research

Previous experiments attempting to speclify the effect

of bandwidth on nolse Intensity-discrimination have not
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Table 1-1
Summary of Studlies on the Bandwidth Effect.

Study Bandwlidth Mode of Cen. Fre. Reclp.
Conditions Masker (a) (b)

Green, 1960 Ws < Wn Contlin. D -4,.3

Campbell, 1964 Ws < Wn Contin. D -5.3

Bos &4 de Boer, Ws = Wn (<) Contin, | -2.0
1966

small et al., Ws = Wn Gated D -2.7
1459

Moore, 1975 Ws = Wn Gated D -2.7

de Boer, 1965 (d) Ws = Wn Gated | -4 . b

Raab & Ws = Wn Gated | -1,0

Goldberg, 1975

Moore & Ws = Wn (e) Gated | -2.5

Raab, (1975)

Iwicker, 1956 Ws = Wn 3 Hz AM (F) (g) -5.6

Zwicker & Ws = Un 4 Hz AM (f) (g) -5.4

Feldtke) ler, 1967

Maiwald, 1967 Ws = Wn 4 Hz AM (f) (g) -5.5

Rodenburg, 1972 Ws = Wn 10 Hz AM (f) (g) -13.4

(a) Was center frequency independent (1) of, or
dependent (D) on, bandwidth?

(b) Intensity-bandwidth reciprocity (dB8/log~unit of Ws),

(c) Primary masker: white nolse; secondary {(low-level)
masker: plink noise.

(d) Stimull were bands of plink-nolse.

(e) Contlinuous bandstop background was used to vary stimulus
bandwidth; see text for detalls.

(f) Amplitude-modulation technique; rate of slinusoidal
modulation Is given In parentheses.

(g) Not specifled in the paper,
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ylelded a2 single value for the degree of Intensity-
bandwlidth recliprocity. No experiment has been desligned to
explore systematically the separate contrlbutlons of mode of
masker, bandwlidth conditions, and spectrum-level of the
masker.

Reported in this dissertation are the results of just
such a study. The experiment was conducted in four parts as
outlined in Table 1-2. To assess the effect of masker
spectrum-level on Intensity-bandwidth recliproclty, and to
investigate the form of the l/leber function, each part of the
experiment employed three Intensities of masker. Molse
bandwidth was varied Independently of spectrum-level (Nj).
Unfortunately, most earlier studies had allowed Ny to change
as the stimulus bandwidth was manlipulated,

Existing evidence Is conflicting as to whether the
center frequency of a nolse band does (Small et al,, 1959;
Campbell, 1964; Rodenburg, 1972) or does not (Green, 1960;
Bos and de Boer,1966; Zwicker, 1956; Zwicker and
Fetdtkelter, 1967; Malwald, 1967) affect intenslity-
discrimination. As a result, we chose to use a single
center-frequency (1000 Hz) for our nolse bands. The study
Included nolse passbands as narrow as 100 Hz and as wlde as
10,000 Hz.

One hundred milliseconds was selected as the stimulus

duration for two reasons. Flirst, it |Is shorter than the



Table 1-2

The Four Princlipal Experimental Conditlons

Ws = Wn

llasker:
Continuous

Ws < Wn

Maskar:
Contlinuous

Ws = Wn

Masker:
Gated

Ws < Wn

Masker:
Gated

35
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max Imum duration for which the audlitory system can Integrate
stimulus energy. This Is generally reported to be between
200 and 300 msec for nolse bands (Green, 1960; Raab, Osman,
and Rich, 1963; Campbell, 1964). Second, filtering or
critical band mechanisms Involved In the perception of the
nolse stimull might require some minimum time to become
fully operative. Oplinlions differ as to the minimum
response-time, but all estimates agree that 100 msec would
be long enough for such frequency-selective mechanisms to
be activated (see Scharf, 1970, pp. 179-188; Zwlicker and
Fastl, 1972),.

The chapters that follow describe the design of the
study, present experimental findings, and discuss the
present work In relatlon to theories of intenslity-

discrimination.
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Chapter I1
METHOD

An experiment was performed to study Intensity
discrimination of band-1Imlted, Gaussian nolise siznals
presented In maskers of varlous bandwidths., The noise
nasker was elther presented continuously throughout an
experimental session or gated durlng the observation
intervals. Forced-choice thresholds were obtalned at three

levels of noise masker,

A, Subjects

One male undergraduate student (MB) and the author (PS)
served as subjects, Both had clinically normal audiograms
and received 15-20 hours of training before any data were

recorded.,

B. Apparatus
For those experimental condlitions where the signal and
masker bandwidths were ldentical, a sinzle General Radio
(1390-B) nolse generator provided the nolise source, Its
output was bandlImited by means of a Rockland (1042~F)
electronic fllter whose settings were adjusted so that the

passband was centered at 1000 Hz for all) bandwldths used,



38

Table 2-1 lists the various bandwidths used, as measured hy
the half=-power polnts. Equivalent rectangular bandwldths
(ERB) were calculated for each passband using the procedure
given by Reranek (1949, pp. 564-565), The 100-Hz passhand
was obtained by first passing the nolse rgenerator output
throuch a UTC BML-1000 passive fllter and then into the
Rockland filter set for the 10,000 Hz bandwidth., (The
Rockland fllter provided the high-Impedance load required
by the UTC filter.) Response curves for the filters are
shown In Flgure 2-1, ilote that the shape of the passband
for the 100~z filter Iis different from the other curves,
The attenuatlon-slope of the UTC filter Is not as steep as
that of the Rockland filter at frequenclies vell removed from
the center of the passband. Bandwidths are henceforth
reported as half-power bandwidths (1!1P8) unless otherwise
noted.

The flltered output of the nolse generator vwas divided
and led to two channels -- one for the Increment signal
(@V) and one for the nolse masker (V). Each channel
contained an amplifier (Scott 140 B) and attenuators for
level adjustment. Trimming capacitors were used for phase-
balancing of the channels. The magnltude of the slgnal
could be changed between blocks of trials by means of a
Lehigh Valley (1427) two-way steppling swltch and a serles

of 12 attenuators connected In cascade. The signal channel



Table 2-1

Passbands Used In the Experiment

Hal f-power Bandwidth

(Passband)
100

(951 - 1051)
316

(854 - 1170)
1000

(618 - 1618)
3160

(290 - 3450)
10,000

( 99 - 10,099)

Hote: Al)l frequencles are in Hz,

Center frequency equals 1000 Hz.

Equiv. Rect., Bandwidth

(Passband)
119

(942 -~ 1061)
1Y

(843 - 1187)
1013

(615 - 1628)
3206

(286 - 3492)
10,051

( s9 -~ 10,150)
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Flgure 2-1

Response curves of the bandpass fllters listed In Table 2-1.



Relative Response (dB)

0.1

1.0
Frequency (kHz)

10.0

L&)
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contained a relay whose closure placed the @V In one of the
two temporal intervals comprising a trial, Activation of
this relay was controlled by a BRS PPl probability
generator,

The nolse masker was presented to the subject elther
continuously or gated with the slgnal by means of an
electronic switch (Grason-Stadler 8298). By powering the
swltch from an external regulated supply (Kepco KRZ M), bum
and nolse In the instrument were significantly reduced and
the stability of the pedestal balance adjustment was
markedly Iincreased (see Raab and Schacknow, 1173).

A block diagram of the apparatus used In the contlnuous
masker condltions Is glven In Figure 2-2, The Increment
signal was passed through the electronic swlitch and then
added coherently to the noise masker by means of a resistive
mixing network, Summation accuracy of better than
J.1 percent wvas achieved through the use of precislon
resistors, The sum was passed throuch a master attenuator,
patched Into a soundproof room (1AC 1200 SP), and delivered,
finally, to the subject's right earphone, a Sennhelser iHD-
414k, The Sennheiser Corporation provided frequency-
response curves of this earphone based on both "real ear"
and "artificial ear" measurements. These are shown In
Figure 2-3,

The subject wore a PDR-10 earphone In an MX/41-AR



Figure 2-2

Block diagram of the apparatus used when the maskers were
continuous. With the switch In positlion A, Wg < W,; with

the switch in position B, Wg = Wy,

b3
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Figure 2-3

Response curves of the Sennheiser HD 414 earphone used In
the experiment. The lower graph Is a calilbratlon curve of

the microphone used to make the "real ear' measurements,
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cushlon over his left ear. This served to attenuate
alrborne sounds resulting from the "open-atr" deslgn of the
Sennheiser earphone.

For the gated masker conditlions, where the si=znal and
masker had equal bandwidths, slignal and masker waveforms
were first added In phase and then passed through the
etectronic switch to the master attenuator, Figure 2-4
shows thls experimental apparatus.,

t/lhen the experliment required the slgnal and masker
bandwidths to be Jdifferent, two General Radio nolse
generators and two Rockland filters were employed. One
zenerator-filter combination fed the siznal channel and one
comblination was connected to the masker channel., In all
other respects the equipment was the same as for the "equal-
bandwidth" conditions.

An electrical slgnal of 0.4 volts RMS, as measured by a
Ballantine (320) voltmeter, produced an acoustlc output of
approximately 891 dB SPL from the Sennhelser earphone, Sound
pressure levels given In this dissertation are all referred
to 9.0002 microbar,

An lconix (6255-6010) digital) timlng system and
several Tektronix 160-Series waveform and pulse generators
were used to generate the stimulus sequences as requlred.
Responses were tabulated automatically by means of LVE

(1425-10) electromechanical counters.



Flgure 2-4

Block diagram of the apparatus used when the maskers were
gated, With the switch In position A, Wg < W,; with the

switch in position B, Wg = Wp.
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C. Procedure

1. Psychophysical Method

Intensity~discrimination thresholds were determined
using a two-Interval, forcedechoice (2IFC) variation of
the stalircase technique, Each trlal began with a faint
“"ready" click presented toc the subject's left earphone. The
increment slgnal, & V, was placed with equal probabltity in
one of two observation intervals, the first of which began
one second after the '"ready" c¢click. A neon lamp was lirhted
to mark the observation periods, whose onsets were spaced
300 msec apart. The nolise mmasker was elther presente-
throughout an experimental) run ("continuous condition') or
switched on only durlng the two observation Intervals
("zated condition”). The electronic switch was pulsed to
vield a power envelope whose Yequlvalent rectangular
duration' vias calculated to be 100 msec. (Ngminal rise/fall
times of 10 risec were employed.) The subject indicated the
Interval containling the slgnal by pressing one or the other
of two microswltch buttons., Immediate knowledee of results
was furnished by red and green pilot lamps, Trials were

self~paced and occurred approximately once every flve
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seconds.,

Each determlination of a threshold began with the
Increment signal, @V, easlly detectable, If the subject
responded correctly on five out of siIx trials for a gliven
level of signal, the signal was attenuated for the next
block of six trials. |If the subhject voted incorrectly on
two of the six trials In a block, & ' was Increased,

\lhen the signal and masker bandwidth viere different,
A/ was changed In steps of 1,5 dB., Slnce sirnal and masker
vivaveforms vere uncorrelated, the change In increment power
(B1) was also 1.5 d8, ihen the sirnal and masker
baniwidths were the same, & V was varied In 3 47 steps,

Hth correlated addition of the waveforms, @ | chansed in
steps of approximately 1.5 13 over most of the ranse of
thresholds.

This blocked-trials staircase procedure (c.f.,
camphell and lLasky, 1968) allows the subject to cross and
recross his threshold (the value of @ V vielding
approximately 75 percent correct decislions) many times
during an experlmental run. At the end of 100 trials the
median vatue of attenuatlion In the siznal channel (after the
flrst reversal), &V, was computed and then converted to
Increment power, & 1. The ratlio of signal power to nolise
power In a 1-liz band, §,/N,, was calculated. Thls quantity,

expressed In declbels (10 log S /N), Is used as an index of
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Intensity discrimination,

2. Experimental Design

The experliment was conducted In two parts. First,
intensity discrimination was Investigated for noise bands
where the slignal bandwidth (llg) and the masker bandwidth
(W,) were equal ("homogeneous' conditions). The five palrs
of siznal and masker bandwidth are listed in Table 2-2,
3econd, subjects llstened tn comblnatlions of \ig and 'l where
the signal handwldth was smalter than the masler bandwidth
("heterogeneous" conditlons). Table 2-3 shows the
heterozeneous bandwidth comhinations that were utilized,

The presentation of bandwidth combinations was
randonized and was different for the tvro subjects, Palrs of
consecutive days were used to study each combination of lig
and .l,, the mnasker beling presented continuously on one
of the days, and gated on the other, During one day's
session, the bandwidth combination was presenterd several
times at each of three masker levels (5 43, 25 dB and
45 d3 SPL).

Three thresholds (each based on 100 2IFC trials) were
first determined for each experimental condition. After
Jata had been collected for all 90 conditions, two more

thresholds were determined for each conditlon In an ordear



Table 2-2

Bandwidths (in Hertz) Employed in the Experiment When Wg = Wp

s — %
100 100
316 316

1,000 1,000
3,160 3,160

10,000 10,000



Table 2-3

5h

Bandwidths (in Hertz) Employed in the Experiment then Wg < Wp

s
100
100
100
100
316
316
316

1,000
1,000
3,160

Yo
316
1,000
3,160
10,000
1,000
3,160
10,000
3,160
10,000
10,000
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counterbalancing the original sequence. Thus, each
threshold Is based upon 500 trials, A daily experimental
sessfon lasted approximately 1.5 hours and conslsted of
either G or 3 threshold determinations separated by rest

perliods,
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Chapter 111
RESULTS

A. Intensity Discrimination of llolse Bands

for the iiomogeneous Conditions

The effect of bandwidth on intensity discrimination for
the homogeneous conditions can be seen In Figure 3-1, vhere
10 log 55/ilg is plotted as a function of the common
equivalent rectangular bandwldth (ERB) of the sirnal and
masker. The data presented in the fipure have bheen averaced
across the two listeners; mean values of S5,/1'y vere
calculated before taking lo-arithms, Tables 3-1 ani 3-2
I1st the results for each observer separately. The
raraneters of the plots In Flgure 3=-1 are the spectrum
levels of the masker, and the riode of masker nresentation
(continuous or nated). The solid diaronal plot shows the
nerformance of the Ideal recelver as civen by fireen's model
(see Equation 1-«1). The theorctical reclprocity of Sg/Mg
and g Is given by the slope of thls plot. If we make the
assumptions underlyling Equation 1-2, ;e may approximate the
theoretical function with a llnear plot, vith slope of
-5 dB per decade Increase In slenal handwicth,

The line best-flitting the results at each level of

masker was calculated separately for each stubject by the
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Figure 3-1

Nolse-Intensity discrimination as a function of equivalent
rectangular bandwldth, when W = W, The results have been
averaged across listeners. The parameters are masker
spectrum=-level (@ = 5 dB; @ = 25 dB; @ = 45 dB) and mode
of the masker (solld lines: contlnuous; dashed lines:
gated). The solid line without data points Is the

theoretlical function derived from Equation 1-1,
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Nolse Intensity-Discrimination as a Function of
Bandwidth (HPB) When Hs - Wn.

Hasker
Spectrum=-level
(dB SPL)

C

c
c

Note:

45 dB
25 db
5 d8

45 dB
25 dB
5 dB
Results are

C Indlicates
G Indicates

Half-power

100 316
-8.0 -6.7
-7.6 -6.9
-4.6 -4,.2
“7.4 -6.7
-6.9 -6.8
-3.4 -4.4

given as threshold
continuous maskers.
gated maskers.

Data for Subject PS.

Bandwidth
1000

-7.5

-8.3
-6.4
-6.2

values of

(H2)
3160

-7.2
-8.h
-7.9

'9.5
-7.3
-7.3

10,000
-9.9
-9,6

-10.4

-8.9
-8.5
-7.6

10 1oz SOINO.



Table 3-2
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Nolse Intensity-Discrimination as a Functlion of
Bandwldth (HPB) When ws = “n'

Masker
Spectrum=level
(dB SPL)

c
c
C

Note:

45 dB
25 dB

5 dB
45 dsB
25 dB

Results are
C Indlicates
G Iindlicates

100
-7.3
-7.8
-3.6
-5.2
-4.9
-3.5

given as threshold values of
continuous maskers.

Half-power
316

-6.4
-7.1
-5.2
-6.1

gated maskers.

Data for Subject MB.

Bandwldth
1000

-6.9
-7.0
-71.5
~6,.2
-6.5
-4.7

(Hz)
3160

-8,1
-8.0
-9.1
-8.0
-6.5
-5.3

10 log

10,000
-9.0
-9.1

-10.9
-7.7
-5.1
-7.6

S /N
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method of least-squares. Slopes were converted to
"raclprocity-factors" and are slven in Tabte 3-3, (The
reclproclty-facpor is defined as the change, In declibels,

of S5,/!l, resulting from a log=unit Increase In ge)
Recliprocity-factors, averaszed across masker levels, are
shown In the last two rows of the table. For the continuous
masker conditions, the mean reciprocity-factor vas
calculated to be -1.8 for subject PS and =-1.9 for subject
iB. '!lTth sated maskers, the mean reciprocity-factors were
-1.4 and =-1,3 for subjects S and ''‘B, resnectively,

The data presented thus far conflriv and extend the Raab
and Goldberg (1975) finding of a small bandwidth effect for
rated maskers when lig and i\l are equal, \llth continuous
maskers, the bandwidth effect Is slightly csreater., In both
cases, stimulus bandwidth has a nuch smalter effect on
discrinination than Is predicted by Green's model. (It
should be noted that the degree of reciprocity depends
slightly on the intensity of the masker. Both observers
show sreatest reciproclty-factors with maskers presented at
a 5 dB spectrum=level,)

Flgure 3-1 shows that except for the narrowvest
bandwidth, real observers do more poorly than the model, the
discrepancy In performance increasing dlirectly with
bandwidth, !lith the 100-iiz nolse band, our listeners

exhlibit batter performance than the {deal! receifver at the
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Table 3-3

Reclproclty-factors for the Results with Homogeneous Bandwldths

Masker
Spectrum=level Contlnuous Gated
(dB SPL)
5 -302 "'2-1
-5.8 -2.0
25 -1.2 -0.8
-0.7 -0.4
LS -0.9 -1,2
-1.1 -1.4
Mean -1,8 -1.4
-1.9 -1.3%

Note: For each condition the upper value refers to subject PS;
the lower value to subject MB,
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25 dB and 45 dB8 masker levels, for both continuous and gated
maskers. Green's ideal receiver makes lts declision on a
basis that Is monotonic with llkellhood ratlo, viz., by
comparing the noise energies during the two observation
intervals comprising a trlal. Clearly, several of the
assumptions underliying the Ideal model must not hold for
some of the experimental conditions employed In our study.
We shall discuss thls matter In Chapter IV,

In summary, we have found that when the slignal and the
masker are filtered together, Iintensity discriminattion of
nolse bands is relatively independent of both nolse
bandwidth and presentation mode of the masker. We have
noted that the model of optimal performance falls to account
for the small effect of bandwidth. A second theoretical
problem Is posed by the finding of better-~than-energy-
detector performance In some experimenta) conditions with

the 100-Hz slignal,

B. Iintensity Discrimination of Noise-Bands for the

Heterogeneous Condlitlons

Qur experimental situation most similar to Green's
{1960) paradigm Is the heterogeneous condlition with
continuous masker. Results obtalned with continuous maskers

are presented in Figures 3-2 thru 3-5, together with



64

Figure 3-2

Noise-Intensity discrimination as a function of signal ERS,
when W 8 W, Masker bandwidth equats 344 Hz. The

results have been averaged across listeners. The parameters
are masker spectrum-level ( 4 = 5 dB; @ = 25 dB;

@ = 45dB) and mode of masker (solid lines: continuous;
dashed lines: gated). The solid line without data points is
the theoretical function computed from Equation 1-1; the
dotted line without data points is the theoretical function

computed from Equation 3-1.
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Figure 3-3

Nolse-Intenslty discrimination as a function of signal ERS,
when W, 3 W,. Masker bandwidth equals 1013 Hz. The

results have been averaged across llsteners. The parameters
are masker spectrum-level ( & = 5 dB; @ = 25 dB;

® = 45dB) and mode of masker (solld lines: continuous;
dashed 1lnes: gated)., The solid 1ine without data points Is
the theoretical function computed from Equation 1-1; the
dotted line without data points Is the theoretical functlion

computed from Equatlion 3-1,
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Figure 3-4

Nolse-Iintensity discrimination as a function of signal ERB,
when Wy 3 W,. Masker bandwidth equals 3206 Hz., The
results have been averaged across listeners. The parameters
are masker spectrum-level ( A = 5 dB; @ = 25 d8;

® = L45dB) and mode of masker (solld lines: contlinuous;
dashed lines: gated). The solid line without data points Is
the theoretical function computed from Equation 1-1; the
dotted line without data points Is the theoretical functlon

computed from Equation 3-1.
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Flgure 3-5

Nolse-Intensity discrimination as a function of signal ERS,
when W, S W,. Masker bandwidth equals 10,051 Hz. The
results have been averaged across listeners., The parameters
are masker spectrum-leve! ( § = 5 dB;

® = 25 dB; ® « 45dB) and mode of masker (solld lines:
continuous; dashed lines: gated). The solld 1ine without
data points Iis the theoretlical function computed from
Equation 1-1; the dotted 1ine without data points Is the

theoretical function computed from Equation 3-1,
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thresholds obtained with gated maskers., The data have been
averaned for the two subjects. (Tables 3=4 and 3=-5
contain the results for the tvo llstenars senarately.) Each
fleure presents results for a sincgle CNB of masker. Fxcent
for the right endpoint of each plot, the masker bhanduidth is
zreater than the sizgnal handwidth, Each ficure shows how
intensity discrimination varl:s for slicpals of Al fferent
handwuldth detected in a masker of flxed bandulith (vhere
‘g < 'ig). The solid dlagcnal Vine In each flicure shows
theoretical values of 5,/ (in dRn) calculated from Creen's
model., It should he noted, again, that thls model assumes
that the recelver fllters the innut ("rectancutariv’) to
match the bandwidth of the slznal; frequency components of
the masker outside the sirnal hand are Infinitely
attenuated, (The dlagonal line co=posed of short dashes fs
also theoretical and wil) he referred to later.)

S5ince the trends In the data are essentially the same
for Figures 3=-3 thru 3-5, Ficure 3-5 (where
'h = 10,000 '1z) will be used to Illustrate the ceneral
findines., (Flgure 3-2 displays thresholds for the 100-iiz
signal detected In narrow=-bhand maskers, These -Aata will be
discussed In the next chapter.) Table 3-fi slves
recliproclity-factors for llines best=fitting the data In
Figure 3-5, The results Indlicate that Intenslity-

discrimination thresholds for nolse sicnals (tg <R)



Nolse Intensity-Discrimination as a Functlon of Signal
Bandwidth (HPB) When Hs< “rf

Wn (Hz)

316
316
316
316
316
316

1000
1000
1000
1000
1000
1000

3160
3160
3160
3160
3160
3160

10,000
10,000
10,000
10,000
10,000
10,000

Note:

Masker
Spectrum=level

(dB SPL)

45
25
5
45
25
5

45
25
5
45
25
5

45
25
5
45
25
5

45
25
5
45
25
5

OO0 L0000 OOO000 HLOLO0O00

ds
dB
d8
dB
dB
dB

ds
dB
dB
dB
ds
ds8

dB
dB8
dB
dB
dB
dB8

dB
ds
dB
d8
dB
dB

Table 3-4

100

-11.6
-9.§
+1.1
-7.9
-5.6
+4,1

-1.0
-0.4
+0.5
+2.5
+*4.3
+5.0

+0.5
+1.3
+0.8
+2.4
*4.0
+2,2

~-0.4
«0.4
+0.4
+5,2
+«5.0
*«2,2

Data for Subject PS,
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Signal Bandwldth (Hz)

316

-1.3

+4.3
+2.7

-2,1
-2.0
-3,6
+6.0
+3.6
+3.4

-~2.6
-2.8
-3.6
+6.1
+5.7
+5.0

1000

-4,.8
-1.9
-4.8
+2.4
+0.1
-1.3

-5,2
-4.8
"'5.8
+1.0
+1.0
+1.7

Results are glven as threshold values of 10 log SOINO.
C Indicates continuous maskers.
G indicates gated maskers,

3160
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Noise Intensity-Discrimination as a Function of Signal
. Data for Subject MB,

W, (Hz)

316
316
316
316
316
316

1000
1000
1000
1000
1000
1000

3160
3160
3160
3160
3160
3160

10,000
10,000
10,000
10,000
10,000
10,000

Note:

Bandwidth (HPB) When H'< W,

Masker
Spectrum-level
(de8 SPL)

OOOO00 OLOOOO L0000 ODOO0O00
v
Q.
=~

Results are glven as threshold values of 10 log § /N, .

100

-10.7
-5.6
+0.5
-2.9
-0.5
+2.9

-0o3
-007
-1.0
+3.4
+6.6
+3.6

+1.3
+0 .9
+0.8
+1.6
+1.6
+3.1

-0.0
+1.6
+0,2
+2.9
+2.5
+1.2

C indicates continuous maskers.

G Indlicates gated maskers,

Signal Bandwidth (Hz)

316

-3.3
+1.1
+3.8
+2.7

-1.3
-2.1
-3.6
+0.,2
+1.0
-0.8

-1.7
-1.9
-2.9
+1.3
-0.9
-1,8

1000

-2.4
-4.7
-5.8
+2.8
-0.4
-3.4

-1.5%
-3.0
-2.8
+3.1
-0.9
-1.3

3160
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Table 3-6

Recliproclty-factors for the Results Presented In Figure 3-5

Masker
Spectrum-level Contlnuous Gated (1) Gated (2)
(dB SPL) Masker Masker Masker
5 -5.5 -5.1 -7.1
25 -5.2 -5.6 -6.7
45 -4,7 -7.3 =-9,3%
Mean -5.1 -6.0 -7.7

Note (1): Computatlion of best-fltting 1ine Included data
for ”n = 100 Hz.

Note (2): Computation of best-flitting line omitted data
for Wp = 100 Hz.
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presented in a contlnuous masker of fixed bandwldth
(W, = 10,000 H4z), vary as a functinn of 'lg in a manner
similar to that reported by Green (19F0).

The mean reciprocity-factor, averarmed across masker
spectrum-levels, was =5.1 for the continuous conditions.
Gated maskers yielded an average recliprocity=-factor of
-6.0. Negression lines were also determined for the «ated
conlditions omlitting the left endpnint of each nlot, I,e.,
for all siegnal banidwidths sreater than 100 lz, The tahble
shows that the recinroclty~factors for these lines are
clearly larrer (negatively) than =-5.0, the value predicted
by ureen's model. Thus we see that sirnal handuidth has a
iuch ereater effect on discrimination performance In the
heterogeneous condltions, than In the homoreneous
coniltions.

Real observers show poorer ‘dliscrirntnation than the
optlnal model. The 5 to & 4B difference In threshold S4/ilg
Lhetween theory and experiment that was obhserved by Green
vith continuous maskers (Wg < Yp) Is also scen In our
results (e.g., see Flgure 3=-5). Furthermore, performance
is clearly worse wlth gated maskers than v Ith continuous
maskers. The optimal model does not, however, distinzulsh
betwean continuous and gated conditlons; predlicted
thresholds are ldentlical for bhoth modes of masker. The

ideal recelver has precise knowledese of sipgnal onset and
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termination and "filters" In the time domaln, by listenling
only durlng the observation periods. One would suppose that
these assumptlions about timing Informatlon are better
satisifled for real ohservers when the stimull are cated,
One would therefore expect performance to he hetter wlth
gated than wlith contlnuous maskers, Our results fall to
conflrm thils notlon; discrinination Is poorer vithk ~ated
maskers.

To summarize, Increasing si-nal bandwidth results in
better discrimination performance Iin hetero-eneous
coniitions with both continuous and gated maskers., For all
.1asker bandwldths, therefore, the threstold value of Sg/''g
Is teast when /g = [, (the homoreneous condition). 'Iith
continuous maskers the effect of sisnal handwidth on
intensity discrimination was found to azree vwith both theory
and data as reported by Green (19f0). Gated maskers are,
however, everywhere more effective than contlnuous maskers
for the heterogeneous condlitlions (Wg < 'p). Both thls
finding and the fact that gated bursts of noise yleld
reciproclty-factors greater than -5.0, present

Alfficulties for the (deal recelver nodel,

C. Factors Influencling the Bandwidth Fffect

Our research has conflrmed the reports of both Paabh and
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Gotdberg (1975) and Green (1960). ‘'then slenal and masker
are gated together and flltered together (Raab and
Noldberg), bandwidth has littie effect on discrinination.
Nn the other hand, when nolse signals are presented In
contlnuous broadband maskers (as In Green's exneriments),
the reciprocity of io/”o wlith 'lg approximates that siven by
the optimal decision model. These twn experimental -lesizns
(homoreneous~gated and hetero-~eneocus-continious) are, of
course, equlvalent for the ldeal recelver. For real
observers they are not,

Stould the I1ifference In findlines betvieen the Crean
experiment and the Raab and foldberes study he attrituted tn
the rode of presentation of the nolse masker? "r, Is the
JIfference a consequence of the bandwidth conditions, in
that the bandwidths were homoceneous In one study and
heteroreneous In the other? !Inforturnately, the relatlive
Importance of the two factors cannnt he assessad hy
comparing the two experiments since confourdin~s Is complete,
.iere, however, we have varled the two factors separately and
are in a position to understand vhty Green differs from NRaab
and Goldberg with respect to the effect of bandwidth on
intensity discrimination.

‘le analyze our results as follows, The mode of the
nolse masker has only a minor Influence on the masgnitude of

the bandwlidth effect for the homogeneous condlt:ons;
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recliproclitles are simlilar for both contlnuous and cated
maskers (see Table 3-3), However, for the hetero~eneous
conditions that utlllzed continuous maskers, the data show
reciprocity=factors of about -5.0, whereas the results
with gated maskers show an even larger bandulidth effect (see
Table 3~6). Thus the mode of the masker has 1lttle
influence on the degree of reciprocity for the homogeneous
conditions, but does affect the magnitude of the bandwi itk
effect vhen ilg < U, !'ode Is a factor In deterriining the
reciproclity of SOIHO wlth ”s' hut since its effeet depends
on the bandwidth conditions, the tvio factors obvlously
interact,

Nandwidth conditions also affect the desree of
reciprocity. Changing from homogeneous tn hetercreneous
conditlons Increases reciprocity-factors, the marnlitude of
the change depending upon the node of the masker.

''e see then, that the effect of slirnal tandwldth on
intensity discrimination §is not a simple one, The masnitude
of the bandwidth effect depends on both the mode of the
asker, and on bandwidth conditions (homogseneous or
hetercgeneous). The flindings of Green, and of Raab anr
“olJberg, though contradictory, are hoth conflirmed; the
degree of reclproclty of Sg/ilg with !lg results fro~ the
interaction of both factors.

OQur subjects behaved like the ideal recelver wvith
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respect to changes In signal bandwidth only when the masker
was presented continuously, with ”s smaller than Nn (Green's
1960 experimental procedure), The other conditlions ylelA
reclprocities different from the predlctions of the model,
qreen's finding of a reclprocity-factor of abnut =5 was In
some sense fortultous; had he employed any of the other
three procedures he viould have falled to conflrm the theory

with respect to the effect of signal bhandulidth,

D. The "Masker=3andwiidth "odel" for !'olse-In=-'lolse

tireen's ideal recelver adjusts its filter to match the
bandwidth of the signal (llg). Components of the masker
which 1ie outslde the signal passband (as when Yy > !'g) play
no part In Jdeclision making. Thus, for a sigrnal of speclfied
bandwidth, performance 1ls identlcal for the homoreneous and
the heterogeneous condlitions. The data from our experiment
indicate that human observers do not filter the nolse Input
to match the signal bandwidth; the presonce of masking
energy outside the sirsnal passhand results In elevated
discrimination thresholds. That is to say, for a slznal of
bandwidth iy, the threshold value of S5/'y depends on the
bandwidth (W, ) of the masker presented with it,

Given these results, It seems worthwhlle to examine an

extenslon of Green's model which treats the case of a
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recelver whose bandwldth equals or exceeds that of the
masker (the "masker-bandwidth rmodel™). This model, whlch
has been derived by Raab (unpublished), Is presented iIn
Arpendix I, Ixpliclit expressions are glven for the mean and
varlance of the denslity function for nolse enercy
conditional on one of two hypotheses, elther “signal plus
masker'" present, or "masker'" present alone, during the
observation Interval. For a 2IFC experinent, the model
ylelds "M," the normalized mean of the dlfference

distributlon, as siven by Fauation 3-1:

So 1 0(3")

M - s L ] [ ]
J 2 No VEn/W; + So/No *+ 1/2(S°/No)s'

This equation corresponds to Equatlon (1-1) of Creen's
rodel (the "signal bandwldth model™),

The equations are ldentical when ilg = ''n == the
homogeneous condlitlons; both modals predict the same
threshold value of S /N, when the siznal and the masker have
the same bandwidth. |If we assume that Sg/llg << 'n/llg,

Zquation 3-1 may be approximated by

. (3-2)

Mo

]
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This equation is analogous to Equation 1-2 for Green's
model, where It Is assumed that S /N, << 1.

The slignal-bandwidth model (“ws-model“) generates a
square-root reclproclty between SOINo and Ns, i.e., a
reclprocity=-factor of -5.0. Equation 3-2 of of the
masker-bandwidth model ("W.-model') shows that S /N, and
W, trade equally (l.e., the reclprocity-factor equals
-10.0) for signals presented In a masker of fixed and
broader bandwidth. It iIs worth noting that the derivation
of the W,-model Incorporates the same statistics of nolse-
energy fluctuations as the ws-model. Nevertheless, the two-
models yleld different intensity-bandwidth recliproclitlies,
The performance predlcted by the masker model Is the same as
that which would occur If energy fluctuations did not exlst,
in this respect, the finding of complete recliproclty between
intensity and bandwlidth parallels the Intensity-duration
trades described In classlical psychophysics.

We can now ldentify the dashed theoretical lines in
Figures 3-2 thru 3-5. They are plots of threshold values
of 10 log SQINO as a function of Ns, computed from
Equation 3-1 of the masker-bandwidth model. It Is
apparent from the figures that the signal-bandwidth model

predicts smaller thresholds than the masker bandwidth model
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whenever iy > Wy. A recelver that does not adjust Its
fllter to match the signal bandwidth performs more poorly
than one that does.

‘low do the results of our experiment compare wlith the
predilctions of the l!y-model with respect to the affect of
changing signal bandwidth? It will be recalled that the
obtainad recliprocity-factors for the homorenenus conditions
are between -1 and -2 with both contlinuous an? sated
maskers, In the heteroreneous condltlions the reciproclty-
factors are approximately -5 when the nolisc masker Is
presented contlnuously and betveen -5 and -10 v/hen the
masker s pated with the sirnal. ‘ihen bandwlidths are
homo;eneous, nelther the .‘g=mndal nor the ''p=modal
adequately describes the effect of bandwidth on intensity
1iscrimlnation. The results for the hetero-eneous
conditions with contlnuous maskers show a bhaniwidth effect
vwhich accords with the predictions of the ‘/g-model., The
Jata for the heterogeneous conditions with -ated maskers
slve reciprocities more In tine with the !!p=model’s
assunption that the receiver's input filter has a bandwidth
sreater than 'iIg,

Let us summarlze some of the Aifflculties with both
rodets., Flrst, our observers perform better than the [deal
recelvers when signals are narrow-hand. Clearly some of

the assumptions of both models do not apply In these



84

Instances. Second, for sliznal bandwldths sreater than some
alnimum value, intensity dliscrimination Is vworse than
predlicted by both models. Third, while mode of masker
nresentation does affect the leve! of perfrnrmance In certaln
conditions, the models do not distineculsh betveen contlnuous
and zated maskers, Fourth, our results show that the
agnitude of the bandwlidth effect depends on both the mnde
of the nasker and the bandwidth conditions. The receiver of
the .!c-model Is Insenslitive to all these chanses In
procedure and predicts a reciprocity-factor of -5 for all
four conditlons., The i -model alse lIanores the mode of
masker presentation and ylelds different reciproclty-
factors for the homoseneous and hetero~eneocus conditions (-5

and -10, respectively), In summary, both ideal receliver
models, which are hased solely on the statistical propertles
of noise, fall In several respects to account for the
results of our experiment. ''e shall dlscuss other
approaches to modeling nolse-intenslity discriyination In
chapter 1V,

-

T. Filtering by tiuman Observers

‘le seek now to determine the Input passhands actually
used by our subjects for each of the varlious signal

handwidths., For thilis purpose the results of our experiment
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have beern replotted In Figures 3-6 thru 3-3, Each flgure
shows how discrimination varlies for a signal of fixed
bandwidth (lg), as a function of the banduldth (W,) of the
masker, D3oth signal and masker banduvidths are glven as
equivalent rectangular bandwidths. Alsoc plotted are
theoretical values of 10 log 54/llg for both the 'ig-model
(solld 1ine) and the !ij=model (dashed 1lne), Slnce
stimulus enersy outside the receiver's passband has no
Influence on Iintensity dlscrimination, nlats of the ¥ind
shown In these figures wil1l have zern slape for bhand-ldths
greater than the passband beins used by the recelver.
Fletcher (1940) used a simllar method of analtysis to
calculate the widths of the critlcal bands for tones masked
by nolse.

‘{hat are the forms of theoretical plots ylelded hy the
two models using this presentation? The receiver of the
slgnal-bandwidth model Is unaffected by noise enersy
outside its passband (lig); plots of Its theoretlical
thresholds are, therefore, horizontal l1ines. For the
nasker-bandwidth model, Zquatlon 3-2 rlves a saquare-root
trade between Jg/lig and ' (for fixed ifg and constant
detectabllity). That Is to say, this model predicts
elevated threshold values of S5g/li, as the recelver llistens
with a vlder and wlder passband.

If our human observers were elther adjusting thelr



Filgure 3=§6

Nolise-Intensity discrimination for a signal of 119 Hz ERB,
as a function of masker bandwidth. The parameters are
masker spectrum-level ( & = 5 dB; @ = 25 dB;

@ = 45 d8) and mode of masker (sollid lines: contlnuous;
dashed lines: gated). The solld line without data points Is
the theoretical function computed from Equation 1-1; the
dotted 1ine without data points Is the theoretical function

computed from Equation 3-1.
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Figure 3-7

Nolse-Intensity discrimination for a signal of 344 Hz ERSB,
as a functlion of masker bandwidth, The parameters are
masker spectrum-level ( g =~ 5 dB; @ = 25 dB;

® = 45 dB) and mode of masker (solid llnes: contlnuous;
dashed 1lnes: gated). The solid line without data points Is
the theoretical function computed from Equation 1-1; the
dotted line without data points Is the theoretical function

computed from Equation 3-1.
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Figure 3-8

Nolse-Intensity discrimination for a signal of 1013 Hz ERB,
as a functlion of masker bandwidth., The parameters are
masker spectrum~-level ( &4 = 5 dB; e = 25 dB;

® = 45 dB) and mode of masker (solid 1lnes: continuous;
dashed lines: gated). The solld llne wlthout data points lIs
the theoretical function computed from Equation 1-1; the
dotted line wlthout data points |s the theoretical function

computed from Equation 3-1.
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Figure 3-9

Nolse-intenslity discrimination for a signal of 3206 Hz ERB,
as a function of masker bandwidth. The parameters are
masker spectrum-level ( & = 5 dB; ® = 25 dB;

® = 45 dB) and mode of masker (solid lines: contlinuous;
dashed 1ines: gated). The sollid line wlthout data polints Is
the theoretical function computed from Equation 1-1; the
dotted line wlthout data polints Is the theoretical functlion

computed from Equation 3-1.
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Input flliters to match the passband of the masker, or
listening with a wide open passhand, then vie should expect
thelr performance toc worsen as ./, grew larper. The data in
Figures 3-6 thru 3-9 show that threshold values of 5,/!,
are in fact relatively constant beyond sore "critical™ value
of masker bandwldth, This Is so for both continuous and
gated maskers,

It Is difflicult to determine precisely the passbands
used for each signal, '!hile we have used nolse coverinm a
tvio-decade range of bandwldths, only five values of
bandwidth vvere enmployed. Interpolation betwiecen these
coarsely spaced (1/2 log-unit) stimull Is risky,
Farthermnore, while both thls method of analysis an‘ the
.vodels we have been considering assume a rectangular
passhand for the Input filter, It Is unlikely that such an
"ideal" filter iIs utilized by real listeners. G5wets ct al,
(1962) have shown how estimates of the handwliith of the
listener's filter depend on the assumned "shape' of its
nasshand. Since the data can provide no clue as to the type
of fllter used by our subjects, It is Impossible to
determi{ine the actual bandwlidths used. I!levertheless, the
2lots In Figures 3«6 thru 3-9 do permit some
characterizations of the fllterlng process. First, it Is
clear that real observers are doing some flltering of the

stimulus; they are not listening to all frequencles In the
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masker. Second, they apparently do not narrov thelr fllters
sufficliently to match the signal bhandwidth., Thlrd, Input
passhands are different for each value of sirnal bandwlith;
the harizontal portion of each plot heglins at greater values
of ., as 'lg increases. Fourth, observers are abla to set
and maintaln fllter passbands greater than one critlical hand
(160 .iz for a center frequency of 1000 'iz; see Scharf, 1970,
p. 162). Fifth, for a glven sliegnal, the Ifnnut passband
appears to depend somevhat on hoth the ~ode and the

spectrum=-level of the masker.

F. Intensity-Discrimination Functions

for Ban:ds of 'lolse

Intensity-discrimination functions were determined for
each combination of sicnal and masker hanividth employed in
the experiment, 3pecifically, plots of threshold £,

(In did SPL) against [ig (in dB3 SPL) were fitted by straight
lines using a least-squares criterion. Presented this way,
a2 slope of unity iIndlicates a findine of tleber's Law,

Tables 3=7 and 3-8 1ist the slopes of these intenslitv-
discrimination functlons for the two subjects.

ile shall first discuss the results for the condlitlions
vhere signal and masker bandwidths are equal. ‘eber's Law

falls to describe Intensity discrimination when the nolse is



Slop

Wg (Hz
100
100

316
316

1000
1000

3160
3160

10,000
10,000

Note:

Table 3-7

es of Best~Fitting Lines for

) Mode Masker Bandwidth (Hz)
100 316 1000 3160

c 0.92 0.68 0.96 0.99
G 0.90 0.70 0.94 1.00
C 0.9% 0.98 1.04
G 0.94 0.91 1,07
c 0.96 1.00
G 0.95 1.09
c 1.02
G 0.92
Cc
G

C indicates cont!nuous masker,

G indicates gated masker.
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Iintenslity-Discrimination
Functions. Data for Subject PS.

10,000

0.98
1.07

1.03
1.03

1.02
0.98

1.01
0.89

1,01
0.97



Table 3-8
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Slopes of Best-Flitting Lines for Intenslty-Discrimination
Functions, Data for Subject MB.

W_ (Hz

S

100
100

316
316

1000
1000

3160
3160

10,000
10,000

Note:

) Mode Masker Bandwlidth (Hz)
100 316 1000 3160

C 0.91 0.72 1.02 1.01
G 0.96 0.85 0.99 0.96
c 0.97 1.02 1.06
G 0.94 0.96 6.99
C 1.01 1.09
G 0.96 1,16
C 1,03
G 0.94
C
G

C indicates continuous masker,

G indicates gated masker.

10,000

0.99
1.04

1.03
1,08

1.03
1.11

1.05
0.97

1.05
1,00



narrovw~band. This Is so for both modes of the masker. The
computed slopes are less than unity; discrimination is more
acute for higher spectrum=levels of the masker (the "near-
miss" to ‘leber's Law.) In the contlnuous condition, the
slopes increase as the handwidth of the stimulus Is
broadened. Indeed, at the two wldest bandwidths =-- 3160 !iz
and 10,000 '1z == the slopes just exceed unity, for both
observers. GStlmulus bandwidth has a much smaller effect on
the slope of the intensity-dlscrimination function vhen the
noise-hands are gated. Additionally, slones are smaller
+then the maskers are rated then vthen they are contlnuous,
vitth the result that ./eber's Law ls nowhere obtalned excent
perhaps for the 10,000 ilz band of nolse. Thus hoth
bandwidth and the mode of the masker affect the slope of the
Iintensity-discrimlnation function for the homogeneous
condition.

The slopes for the heteroreneous conditions can be
compared by readling across the rows of the tables, The mode
of the nasker apparently has little Iinfluence on the slope
of the Intensity-discrimination function when the bandwidth
of the masker Is greater than the bhandwidth of the signal.
In some cases the slope for the continuous condlition Is
larger than the slope for the corresponding gated condlitlion;
for other bandwidth comblinations, the reverse is true,

Slopes are close to or slightly greater than unity for the



heterozeneous conditlons, with the exception of one
bandwidth comblination, Pairing signals of 100 'iz bandwldth
vilth maskers of 316 Hz bandwidth results In intensity-
discrimlnation functions with slopes considerably smaller
than unlty (the range across observers being 0.68 to 0,.85).
This is found with both contlnuous and zated maskers, An
explanation for this finding will ke offered In the next
chapter, when we examine possitle mechanisms of intensity
discrimination.

foth the .Ig-model and the .lnp-model pre-dlict that the
slope of the intensity~discrimination function Is unity,.
rurthermore, both Ideal models hold that 'leber's Law Is true
vthether maskers are homoreneous or heterorseneous, Nur
results show, however, that not only does 'leber's Law fall
to hold for some experlimental conditlons, hut also that the
iwode of the masker and the bandwldth conditions do affnrct
the slope of the Intensity-discrimination functlion,

In surmary, wvhen lig = 'n, narrovw=band stimull yleld
Intensity~discrimination functlons with slopes less than
unity for both modes of the masker. As the nolse bandwidth
Increases In the homogeneous conditlon, slopes of Intensity-
dlscrimination functlions approach or exceed unity with the
continuous maskers, and tend to remain less than unity with
the gated maskers, For the heterogeneous con-dlitlions, vie see

that intensity=-discrimination functlions have slopes equal
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to or slightly greater than unity wvhen a noise siznal is
detected In the presence of a wide=band masker

(Wy > 1000 'iz). This Is so for both continuous and gated
verslions of the masker, Finally, both ldeal receivers fall
to account for the observed effects of hoth masler rno-le and
haniwldth conditions on the slopes of intensity-

discrimination functions.
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Chapter IV

DISCUSSION

This chapter Is divided Into tvo sections, First, the
experimental flndings are compared with the results of the
studies reviewed In the Introduction (Chapter 1), Second,
discrepanclies between the energy-detector theories (\/g-
2odel and p-model) and the Aata are examlined, Several

vodiflcations of the ldeal models are pronposed,

o

A. Comparisons vith Earller Studlns

of lolse-Intensity Discrininatlon

1. The Bandwidth Effect

for !lolse-Intensity Discriminatlion

The experimental results presented In the preceding
chapter dermonstrate that the masnitude of the bandwidth
effect is a function of both mode of masker and bhandwidth
conditions. (Comparison of the present research flipndines
with the 1lterature reviewed In Chapter | will he
facilitated by referring to Table 1-1, which summartzes
studies of the bandwidth effect.) Green (1960) and Camphell
(1964) used contlnuous maskers to obtain “etection

thresholds as a function of sirnal bandwidth, In bhoth
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experiments, nasker bandwldth was fixed and broadband

({heterogeneous-continuous condlitlons). Reciprocity-
factors computed from thelr data accord with our results as
well as with the eneray-detector model (Hs-model). ‘ote
that signat bandwldth varfed Independently of center
frequency in the present study and covarled with center
frequency In the Green and Campbell experiments, DJos and
de "oer (19606) employed continuous maskers, but kept ‘/g and
"'n equal as stimulus bandwidth changed. The Intensity-
bandwidth reclprocity observed In that experiment (which
used pink nolse as a secondary masker) is In agreement with
the nagnltude of bandwidth effect we obtalnad under the
homoreneous conditions with continuous maskers.

This dissertation provides the only data on the
vandwidth effect for gated maskers when 'l < '!n. Subjects
exhiblt a greater degree of Intenslity=handwuidth reciprocity
than Is described by the Us-modeI, althoueh reclprocity-

factors are smaller than those given hy the ' _-model.

n
several experimenters have studled the handwldth affect with
~ated maskers and homogeneous conditions., Raab and Goldber~
(1075) found that noise bandwidth had 1ittle Influence on
detection -- a result conflirmed by our study. Both Small et
al. (1959) and 'ioore (1974) obtalned stightly rreater
intenslty-bandwidth trades than reported In the two

preceding studles, In the 5Small et al. and lloare
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experliments ! and f¢ covarled, while In the Raab and
notdbery study and In the present experiment fc was fixed as
lg varied. De Boer's (1965) data yleld an even larcer
intensity=-bandwlidth reclprocity, one that is close to the
preilction of the 'Ig-model. De %oer employed plnk nolse
stimulli; his experiment, therefore, Is not altorether
comparable with the others. (Moore and Naab, 1975, employed
a contlinuous bandstop hackground to vary the handwidth of
cated nolise=bursts; they obtalined reciprocities "shallower"
than =5 d3/log=unit of bandwidAth, The sisnificance of

this experiment will he explored tater in the chapter.)

lith the exception of the de 3oer results, it Is clear that
Landwidth has a smaller effect on Intensity=discrinrinattion,
under homogeneous condltions with =zated masters, than Is
siven by elther of the enerrsy-detectlion schemes (Wg-model,
p-model),

Experiments employing the amplitude=-modulation
technigue nrovide additional lata on the handwldth effect.
A nroblem arises In trying to categorize the "mode'" of the
yasker under this procedure, [t could be ar~ued, that
detecting a low rate of slinusoidal flutter of a nolse
carrier Is akin to the discrimination of Increments and/or
decrements In a nolse background, Thus the A" procedure
could be constdered a variant of the confiruration we have

called "homozeneous-contlinuous.”" Unfortunately, the
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reclproclty=-factors computed from the data of Zwicker
(1956), Zulcker and Fetdtkeller (1967), an-d italwald (1967)
resemble those found for heteroreneous conditions and
continuous maskers. ’''hy Rodenbure (1972) obtaine! an
average reclproclty=-factor of =13.4 Is not clear at all,
sIince he used essentlally the same Al procedure employed In
the previous studles. (The modulation rate he chnse was,
however, about three times csreater than the rates used in
the Zuvlcker and !'alwald experinents.) That manipulating
bandwidth affects performance under the A" paradiem Is
obvious -= whether the two ideal riodels should be apnplied to
this class of experliments Is not so apparent. Therefore,
the remainder of this discusslon deals only with the more
conventional procedures employlinr continunus an! rated
laskers,

2. Intenslity=-Niscrimination Functions for ''lolsec RBands

‘Hth the exception of experiments by freen an:! Sewall
(1962), and Viemeister (1374), deber's Law has heen renorted
for intensity discrimination of "wideband" noise, This Is
true for continuous maskers {(MIller, 1347; Harris, 1950;
Pollack, 1951; Raab, Osman and Rich, 1963); for rated
maskers (Postman, 1946; Yarrls, 1950; Snall, Bacon and
Fozard, 1959; Viemelster, 1974; oore and Raab, 1975); and

for the study employing the amplitude=-rmodulatlion technique
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(Zvicker, 1956). In all these studies, si-nal and masker
bandwldth were equal (homoreneous conditions).

Tiie data of Bos and de Poer (1960C) exhiblt a "near-
1lss' to !leber's Law for noise bands of 2N0 4z and 8§00 Hz
(continuous maskers, '/ = ‘'nde This Is contradicted hy
“"alwald (1957), uvho, using the A -iethod, found that
performance is Independent of level for a narrov hand
(127-'1z) of nolise. {(As we have previously noted, the Al
experinent enploys a masker that Is not sirmnly classified as
elther continuous or gated.)

It would seem that when /g = '!n, "wideband" stimull
yleld ''eber's Law, vhereas dlscriiiination Improves with
increasing level for "narrowband" stinull., ‘lolse bands are
not "“wide" or "narrow" In any absolute sense, nf course, but
only in relation to one another, Intensity=discrinination
functlions obtained in the present study under homoreneous
con:il tions have slopes that Increase towards unltv as
stimulus bandwidth increases (see Tahles 3-7 and 3-8), It
Is not surprising, therefore, that ileber's Law has heen
reported for "wideband" stimull. Indeed, our results show
slopes Increasing ulth bandwidth from values below 1.0 tn
values exceedlng 1.0. !/ith the widest passbands,
performance worsens with increasing level.

Nurs is the only experiment ylelding intensity-

d1scrimination functlons for heterorgeneous bandwidth
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conditions. Slopes close to or exceeding unity are
evidenced for most combinations of signal and masker
bandwidth., (The major exceptlon occurs vhen !lg = 100 Hz an-
!n ® 316 'iz. ‘'lore will be said about this later,)
Frurthermore, the mode of the masker apparentlv has 1lttle
cffect on the slope of the Intensity-dlscriination
functlon, For some palrs of '!gs and .In the slope for the
continuous condition is sreater than the slore for the
corrasponding cated condltion; for other palrs the reverse
is true.

To summarlize, vhen si~nal and masker banduidths are
equal, slopes of Intenslity=discrimination functions ranse
from about 0,90 to 1.05, Increasin~ as a function of
stimulus bandwidth. For heteroceneous condltlons, riost
combinations of .ig and 'n vield slopes equal to or csreater

than unity, regardless of masker modan,
ve Data and Theory: Enercy Detector ''odels
1. DIfferentlal Sensitivity
The i/ s~model descrlibes a truly optimal recelver for
vvhite ttaussian nolse, It Is Impossible to develop a hetter

detection strategy for this kind of stimulus than measuring

and comparing the energles wlithin the signal nasshand durlne
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the observatlon periods. |[f the recelver does not or cannot
set a rectangular Input filter to match l!g, but 1istens
instead with a bandwldth as lar<e as that of the masker,
then the '/n-model predlicts the best performance obtalinahble,
Once again the decision strategy employved s enersy

detectlion.

a., ifferentlial Sensitlvity: Homosenenus Conditlions

It Is Instructive to corpare the ohtalned ''eber
fractlons with those ~enerated by the ‘'ig-model or the '!n-
odel., Consider, first, the results for the homoeceneous
conJitions (Figure 3-1; Tables 3-1 and 3~-2). 'lore the
ig=model and the ''y-model arc indistinculshable and we
witl simply refer to the 'ig-model, For tha 100-Hz noise
bands, subjects exhiblt ‘eber fractions (S,/!'5) that are

' 1.e., better than ener~y detectnr performance,

"Impossible,"
“ith zated maskers they are about 1 d3 more acute than
nredlcted (averaged across subjects for the two hirher
nmasker levels); with contlnuous maskers they are
approximately 2,5 d5 hetter than sliven hy theory, 0Obtalned
threshol:ds are poorer than those of the ldeal receiver for
all other (homogeneous) bandwldths used In the experiment,

If energy detection Is the optimal stimulus processine

technlque for noise bands, how, then, could our subjects
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ever achleve performance superior to the ldeal model? |If
they can perform better than "ideal" for some bandwidths,
why are empiricat thresholds higher than predicted for other
passbands?

For energy detector models, performance In a
discrimination task Is limited solely by the statistical
fluctuations Inherent In the noise stimulli. The derivation
of the Ws-model Incorporates the "energy statistics" for
Gaussian nolse with a rectangular power spectrum (white
noise). Unlike such "ideal" (white noise) stimull, the
nolse bands used In our experiment did not have uniform
power spectra, l.e., thay were "tinted." Derlving unique
ideal-detector models for each of our noise bands is not
necessary. To employ Equation 1-1 of the W -model with a
tinted nolse band, we must first calculate the '"equivalent
statistical bandwidth (ESB)" of the stimulus. It Is "the
bandwidth of a hypothetical rectangular fllter which would
pass a signal with the same mean square value (of)
statistical error as the actual filter when the Input is
white noise" (Bendat and Plersol, 1971, p. 278).
Spaecifically,

|H(f)
IH(f)l ’ (L=1)
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where IH(f4 Is the magnitude of the fllter transfer
function (in voltage) at any frequency, f. The FSB may then
be directly substlituted for the stimulus bhandwidth == 'Ig ==
in Cauation 1-1,

The approximate width of the %SB for each of the
fllters used in the experlment was computed by nunerical
Integration, Table 4-1 1lists these valuss alons with the
corresponding half=-power (P03) and equivalent rectancular
(ERB) bandwidths of the fllters taken frormn Table 2-1. The
equivalent rectangular banduidth Is used to calculate
stimulus spectral density (l.e., 'lg and 5g), while the
equivalent statistical bandwldth is the parancter for
determining the percentage of correct decislions for the
energy Jdetector. In each case, E5B > EPRE > HPR for our
tintel nolise bands. tiad our stimull bheen truly white, the
three measures of stimutus bandwlidth == 'IPB, £fRB8, and ESB ==~
vwoull have heen ldentical. Consequently, an energy detector
will exhiblt lower discriminatlon thresholds for one of our
tinted noise bands with an EFB equal to .., than for a \thite
nolse band with the same £RB (l.e., when ERB = '), Mathews
and Pfafflin (1965) have presented a similar analysis for an
energy detector which processes broadbhand nolse shaperd by a

single-tuned filter,
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Alternate Specifications of the Stimulus Bandwldths
Employed in the Present Experiment.

Half-Power Band.

(HPB)
100

3le

1000

3160

10,000

Note:

Equiv.

119

344

1013

3206

10,051

Rect.
(ERB)

Band.

Bandwidths are given In Hz.

Equiv. Stat, Band,
(ESB)
186
481
1158

3399

10,471
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Each plot of the performance of the W -model appearing
in the figures In Chapter 1)l was determined by substlituting
the ERB of each noise band for W. in Equation 1-1. The
assumption impllicit In these calculatlions Is that the
stimuli are "ideal" (l.e., white) nolse bands. Table 4-2
gives the degree of Improvament In the theoretical
thresholds when the computations are made utillizing the £SB
of the stimull rather than the ERB of the nolse bands. With
the narrowest nolse-band employed, for example, the energy
detector actually exhibits thresholds about 1 dB smaller
than given by the theoretical plot for the receiver of the
Wg-model. Thus, the discrepancles between our obtalned
thresholds for the 100-Hz stimuli and the predictlions of the
enargy detector as displayed in Flgure 3-1 are reduced.

(The gap between theoretical and empirical thresholds
Increases somewhat for each of our other nolse bands,
although the increase in separation is less for the greater
bandwidths.) While the 1 dB correction may bring the
average emplrical thresholds for the 100-Hz bands within the
performance limits of the energy detector under the gated
condlitions, the thresholds with continuous maskers are still
about 1.5 dB "better than energy detection."

Stimull entering the receiver of the W ,-model undergo
three stages of processing before a decision variable s

computed (Green and Swets, 1966, p. 211). Flrst, the
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Theoretical Thresholds for the Energy-Detector Model When

Stimulus Bandwidth

is Speclfled as Equlivatent Statistical

Bandwidth (ESB8) and Equivalent Rectangular Bandwidth (ERB),

ESB

186
481
1158
3399
10,471

Note: All

10 log SOIN0

-5.01
'8.29
-10.32
-12.75
=15.24

ERB

119
34l
1013
3206
10,051

bandwidths given In Hz.

10 log So/Ng

-'6 .89
~7.50
-10.01
-12.62
-15015
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sxternal noise Is shaped by an Input filter with a
rectangular passband. HNext, the output of this fllter Is
fed to a square-law device which computes the power
spectrum of the stimulus. Finally, the output of the
square~-law device is passed to an Integrating mechanism,
which computes a decision variable corresponding to the
original stimulus.

The energy detector [tself comprises only the second
and third stages of the recelver. If the stimulus is white
noise, and the recelver has a rectangular Input filter with
Its passband matched to that of the stimulus, then optimal
decisions can be made. For tinted noise bands, our analysis
has shown that discrimination thresholds will be smatler If
the stimulus Is not fi)tered before it Is fed to the energy
detector, than If the receiver has a rectangular Input
fllter with Its passband matched to the ERB of the external
nolise. (Recall that ESB > ERB for these stimull.) However,
while listening to the tinted bands "wide-open™ Is a better
strategy than employing a rectangular filter (as the Wg-
model does), It is not the optimal method of stimulus
processing.

What, then, is the optimal technique for processing
homogeneous bands of Gaussian nolse having a non-uniform
spectral distribution? Consider a fliter transfer function

with less than Infinitely stesp skirts. In theory the
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fllter will pass some energy at all possible frequenciles.

In practice, of course, the reslidual nolse of the flilter,
and other system components, will "swamp'" the fliter output
for frequenclies far from the cut-off frequenclies. We

define that band of frequencies with spectral power
densitles greater than the spectrum level of the system
nolse as the "effective passband” of the filter; the
difference between the highest and lowest frequenclies within
the effective passband is defined as the "effectlve
bandwidth" of the filter. It can easlily be demonstrated
that the relative varliablility (sigma-to-mean ratio) of
white Gaussian nolse with bandwidth W, Is less than the
relative variabllity of Gaussian nolse (effective

bandwidth = W) with any other spectral energy distribution.
(The system nolse Itself contributes some varlabllity to the
noise fed to the energy detector. The "contribution” from
the system noise can be reduced to an arbitrarily small
proportion of the total variabllity by choosing a somewhat
smaller value for the effective bandwidth than specifled by
the definition,)

To optimize performance (by minimizing the relative
variabllity of the stimulus) we require a device which will
operate on the tinted noise and produce "ideal™ (i.e.,
white) nolise which Is then fed to the energy detector

(square-1aw device and integrator). This type of
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transformation Is called "prewhltening™ by communicatlion
engineers (Blackman and Tukey, 1958).

Under the homogeneous conditions a single filter Is
employed for stimulus generation on both halves of a 2I1FC
trial. Consequently, a mechanism for accomplishing
prewhitening is easlly speciflied. The Input fllter of the
recelver should have a transfer function with the "inverse"
(reciprocal) spectral characteristics of the stimutus.

Since white nolse has a flat spectrum the transfer
function of an "Inverse fllter" used with this stimulus wil)
also be rectangular. Obviously, passing nolse which Is
already white through such a filter has no affect on the
relative varlability of the stimulus. This simply confirms
that the W -model (with its rectangutar Input filter)
describes the optimal recelver for white noise.

The effects of prewhitening on discrimination performance
for the 100-Hz stimulus are shown In Table 4-3, The table
lists the effective bandwidths of broadband noise passed
through the 100-Hz filter for various sssumed levels of
system noise. Included are threshold signal-to-masker
ratlios for energy detection of such stimuli after
prawhitening. (The small increase In stimulus varlablility
due to system nolse Is neglected.) These thresholds are
compared, in the last column of the table, with the

parformance of an energy detector receiving white nolse wlith



System Nolise

dB

re
=10
-15

-2U

Table 4-3
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Theoretical Thresholds for the Energy-Detector Model
When Stimulus Bandwidth Is Speclified as Effective Bandwldth.
Stimulus ERB: 119 Hz; Theoretical Threshold: -4,89 dB.

Effectlive
| H | Passband
890 - 1117
84y - 1175
791 - 1250
733 - 1352
666 - 1485
601 - 1660
534 - 1875
471 - 2117
427 - 2388

Effective
Bandwldth

227
3351
459
619
819
1059
1341
1646
1961

10 log So/No

-6.50
-7.41
-8.19
-8.88
-9,53
-10.12
-10.66
~-11.12
-11.51

Note: All frequencies glven Iin Hz,

improvement
re -4 .89 dB

~1.61
-2.52
-3.30
-3.99
-4 .64
-5.23
-5.77
-6.23
~6.62
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a bandwidth equal to the equlvalent rectangular bandwlidth of
the 100-Hz fllter (ERB = 119 Hz; 10 log S,/N, = -&.89 dB).
For example, threshold signal to masker ratlos are reduced
by more than 3 dB if system noise limits the prewhitening
process to those frequency components that are not more than
20 dB below the maximum response ((Hm|) of the fllter. This
degree of Improvement in 10 log S,/Ny is enough to reconclle
the empirical thresholds of our subjects (for the 100-Hz
bands, homogeneous conditions) with the theoretical
performance of the enargy detector, We have thus "salvaged"
the energy detector by adding a stage of preprocessing.
Note, also, that for any fixed level of system nolse,
prewhitening is less Important for those stimuli with the
larger ERB's. This Is because the proportion of stimulus
Information -- energy -- outside the ERB of the fllter
decreases as the bandwidth (ERB) Increases.

in order to prewhiten our noise stimuli (and thereby
optimize declision making) we have postulated an "inverse"
flitering mechanism to serve as the input stage of an energy
detector. This would require a unique flliter for each
spectrally different stimulus that Is to be detected. That
so flexible a mechanism exlsts within the human auditory
system is unlikely. How, then, might real listeners
accomplish the task of reducing the relative variabllity of

the stimull?
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A1l of the models presented so far (WNg-model, Wp-
mode), Mathews and Pfafflin "single-tuned” mode!, "Inverse
fliter"” model) are stimulus oriented In thelr approach to
detection. All of them develop mathematical recelvers
limited In performance solely by fluctuations In the
stimull. Real observers, however, cannot make declisions
solely on the basis of the physical stimulus, Stimulus
energy |Is transduced by auditory receptors Into nerve
impulises. It is the "neural effect" generated by the
stimulus that serves as the input to the observer's decision
making apparatus. The behavior of real! observers is,
therefore, more adequately descrlibed by models which
conslider the neural correlates of stimulus events, and which
specify the nature of the transformation of the stimull to
neural events., Models which Incorporate these features are
called "hybrid models"” by Rsab and Goldberg (1975), a term
which we shall also employ. Examples of the hybrid approach
to modeling In audition Include papers by Siebert
(1965,1968), McGI1l (1967; McGlll and Goldberg, 1968a,
1968b), Luce and Green (1972), and Penner (1972).

it Is generally accepted that stimulus energles are not
transduced into neural effects in a linear fashlon. As
ZIwislockl (1966, p. 23) has itltod, "The neural response
grows less rapldly than the stimulus Intensity whereby a

substantia) compression of the usefu) Intensity range Is
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achleved.” For Instance, Hind et al, (1967), working with
primary neurons In the auditory nerve of the squlirrel
monkey, present data showing that the fliring rate (splikes
oar sscond) Increases by only a factor of & for a 80 d8
Increase In the Intensity of a 2000 Hz tone. Kiang (1965)
had earlier provided similar data for the cat.

Neural compression of stimulus intenslity provides a
partial analog of the prewhitening process. Compression
gives more weight to frequency components with a lower
average power (i.e., those near the edges of the effective
passband of the stimulus) than to those with a higher
average power. 'The compresslon resulting from neural
transduction does not "whiten'" the stimulus as completely as
If an "inverse fliter" were used., Nevertheless, a
considerable reduction In the relative variabllity of the
neural effect evoked by the stimulus Is obtained as a
consequence of compression. (This Iis similar to the action
of automatic volume control clrcultry which Is used to keep
the Instantaneous power of an amplifier close to the mean
output power.) While the thresholds exhiblted by our
subjects for the 100-Hz bands of noise are Indeed
“impossible" for the recelver of the W -model (with Iits
rectangular input filter matched to the ERB of the
stimulus), they are entirely consistent with the performance

of an energy detector model where the Input is partially or
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complietely prewhi tened.

The experimental results show that, with the exception
of the 100-Hz bands of nolse, real listeners exhlbit higher
thresholds than those calculated for the two Ideal-observer
theorles (Ws;-model, Inverse-fllter model) under the
homogeneous conditlions. The combined effects of all those
factors within an organism which degrade detection
paerformance retative to the stimulus orlented models are
generally lumped together under the rubric of "internal" or
"hjologlical" noise. Any process which reduces the
Information content of the stimulus by adding uncertainty
(variabllity) is a type of internal noise. Green (1960)
invokes a constant attenuation factor (for a fixed level of
detectability) to reduce the efficliency of the Ws-mode) and
thereby to reconcile the theory with his subjects' data.
Although no physiological mechanism Is specified, this Is a
reasonable thing to do, since each of his obtalned signal-
to-masker ratios (for fixed detectability) Is about 5-6 d8
larger than predicted by the W -mode! over the major range
of signal bandwidths and durations employed In the
experiment. The data plotted In Figure 3-1, do not,
however, simply parallel the theoretical line for the energy
detector -- the difference between empirical and theoretlcal
thresholds Increases with stimulus bandwidth. Thus our

results cannot be predicted merely by reducing the
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efficlency of the W -model by a constant factor (l.e., @
factor independent of bandwidth) as did Green.

For the receiver of the Wg-model, performance Improves
with increasing bandwldth since the relative variabllity of
the stimulus decreases. The empirical results, however,
show only a smal) bandwidth effect. This suggests that the
relative variability of the test statistic used by the
subject changes only slightly over a two-decade range of
bandwidth. It would appear that the relative contribution
of Internal (additive) nolse, to the relative variabllity of
the test statistic, must decrease with stimulus bandwidth.
Models which Incorporate explicit specifications of Internal
noise mechanisms are considered later In the chapter,

What follows is a brlief summary of some of our
observations and conclusions on differential sensitivity
under the homogeneous conditions: (1) An energy detector
with a rectangular Input filter set to match the stimulus
passband Is the optimal recelver for white Gaussian noise,
(2) For Gaussian nolse with a non-uniform spectra)
distribution, prawhitening of the stimulus before Its power
spectrum Is computed improves detectability relative to
thresholds for non-processed noise. The degree of
Improvement varles inversely with the level of system nolse.
(3) Through "neural compression” the human auditory system

performs a partial prewhlitening of nolse stimull., This
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serves to reduce the relative variabiltity of the stimull and
thereby Improve their discriminabllity. (&) Thresholds
exhlibited by our subjects for the 100-Hz stimull are well
within the theoretica) performance limitations of an energy
detector fed by a mechanism which “prewhitens" the stimulus
("inverse filter" model). That these thresholds are better
than predicted by the Wg-model tends to support the analogy

between "neural compression” and "prewhlitening.”

b, Differential Sensitivity: Heterogeneous Condltions

Three features of the data are noteworthy with respect
to differential aculty for the heterogeneous condlitions.
First, empirical thresholds are better than those of the Wg-
mode! when Wg = 100 Hz and W, = 316 Hz (see Figure 3-2).
Under these conditions subjects exhibit performance that |s
"Impossibly" acute for a simple energy detector. On the
other hand, subjects performed more poorly than the Wg-
model when masker bandwidth was greater than 316 Hz (see
Flgures 3-3, 3-&, 3-5). Finally, It Is significant,
that, with the exception of the 100-Hz band of nolse, a
particular signal Is always easler to detect under
homogeneous conditions, than under heterogeneous conditlons.

To explain these results It Is necessary to explore In

some detall the nature of the noise stimulus for each of the
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experimental procedures we employed. When a single filter
Is used to produce both the signal and the masker, as In our
homogeneous conditions, the power spectra of the stimull are
identical (on the average) for both halves of a 2IFC trial.
This would be true even |f the flliter generated white rather
than tinted nolse. Because So/Ng s the same in al}
frequency regions, noise components which are strongly
attentuated by the flliter are as Important for decislion
making as components near the center of the passband. Thus
it Is to the recelver's advantage to listen as wideband as
possible, constrained only by system nolse.

While So/No remalins constant throughout the stimulus
spectrum under the homogeneous conditions, this Is not the
case for the heterogeneous conditions. The analysis is
straight-forward If truly rectangular flliters are used to
generate the noise bands. For example, the power transfer
function --lH;(f)lz-- of a hypothetical fllter used to

generate a 100-Hz signal Is:
[ 4
IH () « 0; f<fQ
- 0} f > fz
- 1 f1.<Ff < fy

(e 12 w1; . = 2000 Hz

W= f,= f, =100 Hz,
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where f; and f2 are the lower and upper cut-off
frequencies, respectively.
Similariy, for a hypothetical rectangular-filter

generating a 316-Hz masker,

2
TN YL PR R

=1; fg <f<fy
2 , -
IH (£ )1 =1; f_ = 1000 Hz

W = f“ - f « 316 Hz,

3
where f3 and fh are the lower and upper cut-off
frequencies, respectively.

For the compound stimulus (signal plus masker), the
ratio SOINo at any frequency, f, Is directly proportional to

the quotient of the fllter transfer functions. That Is,

2
So =i . IH (F)
" IHn ()12

where k |Is a constant of proportionality. To simplify the
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analysis, we set "k" to unity and assume that S, and N, are
equal at the common center frequency of 1000 Hz. Then for
the hypothetical fliters described above, S,/N, Is constant
and equal to unity within the signal passband, and equal to
zero outside the band-1imits of the signal over the range

of frequencles encompassed by the masker. (The value of
So/No Is undefined, and of no Interest, beyond the upper and
lower cut-off frequencles of the masker.)

Given this distribution of S5/Ny with frequency, the
recelver should welght each stimulus component within the
signatl passband equally, and a null welghting factor should
be assigned to stimulus components everywhere else., A
simple mechanism for accomplishing this weighting with white
nolse stimull Is to pass the Input to the recelver throuch a
rectangular filter with its passband matched to that of the
signal. The weighted stimulus is then fed to the energy
detector. The receliver of the Wg-model employs just this
method of stimulus processing.

Next, consider the response characteristics of the two
flliters used to generate the 100-Hz (HPB) and 316-Hzx (HPB)
nolse bands actually employed in the experiment (c.f.,
Flgure 2-1). The filters are obviously not "rectangular."
Moreover, the shapes of thelr transfer functions are not the
same. The compound (heterogeneous) stimulus is obtalned by

summing the outputs of the two filters when they are both
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fed from sources of broadband white noise. (Agaln, the
analysis Is simplified by assuming S, = N, at the common
center frequency.) With these two filters, S5,/Ng Is
distributed as follows: (1) Within the frequency l1imits of
the half-power passband of the signal, 1/2 3 5,/Ny = 1.

(2) As we move outside this region, Sg/No rapidly decreases
towards relative minima of approximately 0.06 and 0.04 at
frequencies of 790 Hz and 1250 Hz, respectively. (That
these minima are not equal Is a consequence of a slight
asymmetry In the transfer characteristic of the 100-Hz
filter.) (3) Extrapolation of the curves in Figure 2-1
Indicates that for frequencles either greater than 1250 Hz,
or less than 790 Hz, Sqo/Ng Increases rapidly, equalling,
and, finally exceeding, unlty.

For white noise stimuli under heterogeneous condlitlions,
So/Ng is unity within the signal passband and zero at al)
other frequenclies where stimulus energy is present. Thus
all Information about the presence or absence of the signal
Is contained within the 1imits of the signal passband. For
the tinted stimull we have been examining, some Information
is present at all frequenclies. While signal-to-masker
ratios are moderate within the 100 Hz band centered at
1000 Hz, they are by far larger at frequenclies more than
0.3 log units on elther side of the center frequency. (When

extrapolated, the transfer functions of the two flliters
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cross at these points; see Figure 2-1.)

Can real listeners make use of signal-Information at
frequencles outside the nominal passband of the 100-Hz
signal, where stimulus components are well below thelr
spectrum levels near the center frequency? A paper by
Leshowitz and Wightman (1971) suggests that this may be
possible. These Investigators examined the masking of tonal
signals by continuous sinusoids of the same frequency as the
signal (1000 Hz). The oscillator used to produce the signal
generated rectangular bursts of tone. Consequently, while
most of the signal's enargy was concentrated near the signal
fragquency, about ten percent of the total siznal energy was
“splattered” over frequencies more than 1/T Hz on elther
side of the signal frequency. In contrast the spectral
energy distribution of the continuous sinusoidal masker Is
approximated by a 1ine at the signal frequency. Larger
ratios of signal to masker energy are found, therefore, at
frequencies somewhat removed from the signal! frequency.

Note, however, that stimulus components that are "off-
frequency" contain relatively little energy as compared to
those near the signal frequency. Leshowitz and Wightman
provide data showing that human observers extract usefu)
information from the stimulus at frequencles "where the
signal energy Is as much as 40 dB down from the peak™

(p. 1180).
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Leshowitz and Wightman developed a "simple filter
model1" to account for thelr results. To optimize
performance, they propose that the location of a band-pass
Input=-fiiter Is adjusted to yleld the maximum ratio of
signal energy to masker energy at the Iinput of an energy
detector., According to this model, detection of tonal
increments is better accomplished when the observer centers
his auditory flilter at frequencies other than 1000 Hz,
where higher signal-to-masker ratios are found.

The "simple fllter-model" proposed for tone Intensity
discrimination may be extended to the present experiment. A
subject seeks to optimize performance by setting his
auditory fllter so that the overall signal-to-masker ratio
at its output is maximized. For the stimulus confliguration
we have been examining (100~Hz signal with 316-Hz masker),
larger values of S, /N, are found outside the nominal signa)
passband than within it, Thus the subject would position
his auditory filter at a reglon remote from the signal
center-freguency rather than at 1000 Hz. The locatlon
selected would depend on the passband characteristics of the
auditory flliter (including critical bandwidth
consliderations), the attenuation slopes of the stimulus-
generating flliters, audibility constraints, and the leve! of
resldual nolse In the stimulus-production system.

Leshowltz and Wightman (1971) obtained data from thelr
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tone-in-tone experiment suggesting that “observers

probably monitor energy changes In the low frequency reglons
of the spectrum" (p. 1186). Unfortunately, whether this Is
also true for our 100-Hz signal and 316-Hz masker
combination cannot be deduced from our results. Further
research employing secondary maskers of hlgh-and low-pass
filtered nolise should help to clarify this matter.

It s reasonable to expect that a subject attending to
stimulus components outside the 100-Hz passband of the
signal, where slgnal-to-masker ratios are large, would be
able to perform better than the receiver of the W -model
which restricts Its Input to the nominal signal passband.
The empirical thresholds plotted In Figure 3-2 are by no
means theoretlically unattainable, since the ws-model Is
optimal only for rectangular nolsebands. The "Impossible"
sensitivity shown by our observers Is a consequence of the
particular way signal and masker energies are packaged under
this stImulus condition, It Is worth relterating here
that these thresholds are "Impossible" only in the context
of the ws-model. As Green and Swets (1966, p. 177) polint
out, radlcally different results are produced If the 2WT
sampling theorem is not employed to represent a finlite
nolse waveform,

Note that the empirical thresholds in Flgure 3-2
decrease monotonically with Increasing masker level for both
continuous and gated conditlions. Whlle SOINo Is high at

remote frequencles, stimulus components In these reglons are
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well below 0 dB SPL when masker spectrum-level is low.

Those stimulus components which are Inaudible (1.e.,
effectively masked by blological nolse) are clearly of no
use In decision making. Only at high levels of the
stimulus is it profitable to attend to frequencles outslide
the half-power passband of the 100-Hz signal, As the
audibility of stimulus components varles with changes In the
spectrum-level of the stimulus, the audltory fllter Is
adjusted to maximize signal-to-masker ratio at Its output.

If sensitivity is so acute for the combination of
100~Hz signal and 316-Hz masker, why then Is discrimination
so much poorer than the predictions of the W_-model under
the remaining heterogeneous condlitlions (see Flgures 3-3
thru 3-5)? Conslder the palring of the 100-Hz filter, as a
signal source, with the output of either the 1000 Hz,

3160 Hz, or 10,000 Hz filters as masking agent (see Flgure
2-1). Within the half-power passband of the signal, S /N,
has a value between one-half and unity. Outside thls
frequency region the transfer functlons of any of these
fllter-palrs raplidly diverge, with the result that SOINo
moves towards zero.

Extrapolation of the curves in Figure 2-1 shows that
the transfer function of the 100-Hz "signal" fllter
eventually crosses the transfer function of each of the
"masker'" filters. At frequency regions greatly removed from
the coomon center frequency, SOINo far axceeds unity. Note,
however, that the relative (extrapolated) output of the

Individual! fliters past these cross-over frequenclies s
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considerably below the maximum response. Although thlis
analysis Is post-hoc, It appears that stimulus components

at frequencies far outside the nominal signal passband are
not used by the listener. Flirst, the "extrapolated" output
of the signal filter Iin very remote reglons s surely
swamped by the residual electrical noise of the stimulus-
generating system. Second, those stimulus components which
are both above the system noise, and which have high signal-
to-masker ratios, are found at frequencles where they are
most 1ikely too weak to be heard by the listener.

If the observer Is unable to make use of stimulus
components at frequencles where S,/N, Is very large, then on
what part of the stimulus should the listener concentrate?
Certainly, it Is Iimportant to attend to stimulus frequencles
within the nominal signal passband, where S,/N,%1/2.

But should Information processing also Include frequencles
just outside the half-powar passband of the signal, where
stimulus components are audible, but where signal-to-
masker ratlios are qulte small?

Because Fourler components in these reglons contalin
some signal energy, their Inclusion In the sample fed to the
energy detector does result In increasing the separation
between the means of the “signal-plus-masker” and "masker
alone" energy distributions. (The masker energy of each

Fourler component increments the two distributions equally,
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on the average, and thus has no effect on thelr relative
separation.) However, this tendency toward enhanced
sensitivity comes at the cost of a concomittant g}owth in
the variances of the two energy distributions, since the
variances of Fourler components within and without the
nominal signal passband are summed. Whether discrimination
performance Is Improved or degraded by widening the auditory
filter much beyond the nominal slignal passband, depends on
the relative effect of these opposing factors,

To calculate the exact Input bandwidth which results In
the smallest threshold value of 10 log S,5/Ngy would require
precise knowledge of the shape of the auditory filter, An
approximate solution to this problem may be attempted by
using semi-quantitative arguments. Assume that both the
auditory filter and the 100-Hz signal fllter have
rectangular transfer functions, and further assume that the
passbands of the two flliters are matched., Extending the
auditory passband slightly above and below the band=-limits
of the signal would result in a decreased percentage of
correct responses. This |s because the variances of the
theoretical energy distributions would be increased by the
additional masker energy, but there would be no change In
the separation of the two distributions, i.e., there Is no
increase In signal energy. Furthermore, the higher the

spectrum-level of the "masker-only" stimulus components,
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the more deleterious would be the effect of thelr inclusion
in the noise sample fed to the energy detector.

With the experimental stimull we have been examining
("100-Hz" signal, and elither the "1000-Hz,'" "3160-Hz," or
"10,000-Hz" masker), frequencies just outside the nominal
signal passband (but before the cross-over points of the |
transfer functions) do contain a small amount of signal
energy. (In these regions, 0 < Sg/Ng << 1.) Widening the
auditory filter to Include some of these stimulus components
results in a slight increase In the distance between the
theoretical energy distributions. [t is 1lkely, however,
that this apparent galn In sensitivity is more than offset
by the variance contributed by the '"new'" components to the
total varlance of the decislion statistic. This Is
especially true If stimulus components outside the half-
power signal passband have relatively high spectrum-levels,
as they surely do up to the nominat band-limits of the
maskear. It would appear, then, that setting the input
filter to a bandwidth equal to 100 Hz (or perhaps a litttle
wider) is the best strategy.

Simitar analyses hold for the remaining combinations of
filters under the heterogeneous conditlions. By way of
example, consider the signal and masker pair where
W, = 1000 Hz and W, = 10,000 Hz (half-power passbands).

s
For this combination So/No varles between one-half and
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unity within the half-power passband of the signal.

Inmediately outside the nominal signa) passband S /N  drops
preciplitously. Signal-to-masker ratio continues to
decrease as the half-power band-1imits of the masker

filter are approached. Outside the nominal masker passband
So/Ng Is constant, since the attenvation skirts of the
signal and masker flliters are parallel at these frequencles,
In these regions there Is proportionately little signal
energy, l.e., So/No <¢ 1. Reasoning as before, It Is
probable that widening the auditory fllter much beyond the
nominal signal passband results in an Increase In the
relative variability of the test statistic used by the
observer. ODifferential sensitivity suffers as a
consequence. The data in Figures 3-7, 3-8, and 3-9,
suggest that real observers do in fact fllter out most
stimulus energy outside the nominal signal passband.

Under the heterogeneous conditions It is only the
combination of the 100-Hz signal and the 315-Hz masker that
results In our subjects performing better than the N‘-
model. As shown above, the superior performance for thls
particular combination of signal and masker may be
attributed to two factors: (1) Signal-to-masker ratio is
very high at frequency reglions outside the half-power band-
1imits of the signal fllter. (2) Stimulus components at

frequencies where /N, is large are above absolute
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threshold, at least for the higher stimulus levels, Elther
or both of these conditlions do not hold for the other
heterogeneous stimull employed in the experiment.

The thresholds plotted in Figures 3-3, 3=&, and 3-5
are poorer than those computed for the recelver of the Ws-
model. It has been demonstrated earlier that under these
conditions, subjects should confine thelr listening to the
immediate nelghborhood of the half-power signal passband.
Thus the Wg-model provides an approximate lower bound on
the thresholds we can expect to obtain with real listeners.
The actual performance exhibited by our subjects with these
stimull is, of course, worse than calculated from
Equation (1-1) of the Wg-model. Once again, biological
nolse Is invoked as the agent degrading the performance of
real observers in comparison with the ldea) model,

Although the receiver of the W, -model makes no
distinction batween the homogeneous and heterogeneous
conditions, the performance of real listeners Is affected by
bandwidth conditions. The results plotted In Figures 3-7
thru 3-9 indlcate that, for each noise signal, the minimum
threshold value of 10 log S,/N, was obtained when the signal
and masker passbands were (dentical. (The thresholds for
the 100-Hz signal, as shown In Figure 3-6, are anomalous in
this respect. The clrcumstances leading to the especially

filne sensitivity observed when the 100-Hz signa! was palred
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with the 316-Hz masker have already been described. Here
our discussion Is confined to the other signal-bands
employed In the heterogeneous conditlions.,) Recall that for
the homogeneous conditions optimal performance I!s possible
only If the tinted noise is not fllitered prior to energy
detection. Because S;/N, Is the same throughout the
stimulus spectrum, any filtering of the auditory Input
removes valuable Information about the occurrence of the
signal. Listening "wideband" is the preferred strategy.
Under the heterogeneous conditions, however, some filtering
of the stimulus Is desirable. The notlion that It s
worthwhile to attend to all stimulus frequencies, where even
a slight amount of signal energy may be present, was shown
to be incorrect. With these stimuli, theoretical thresholds
are lowest when the Input is restricted (approximately) to
the noiminal band-pass of the signal flliter. This Is
because the test-statistic used Iin decision making, Is
calculated with more sample values In the homogeneous
conditlions, than In the heterogeneous conditions. (Since
the "extra™ Fourler components have signal-to-masker

ratios equal to those found within the nominal signa!
passband, thelr addition serves to reduce the relative
varlablility of the test-statistic.) To put It another way,
obsarvers are able to make more rellable detarminations of

stimulus energy under the homogeneous conditlions, than under
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the heterogensous conditions. Thus, best thresholds for

a given signal are found with the homogeneous stimull.

We now compare the effects of stimulus-prewhlitening
(and its biologlical analog, neural compression) on
intensity-discrimination under the homogeneous and the
heterogeneous conditions. When the same fllter generates
both signal and masker nolise-bands, the stimuli presented
during the two halves of an experimental! trial have
identical power spectra (on the average). It Is possible,
therefore, for a single inverse~flliter to whlten the
stimulus, whether It consists of signal energy plus masker
energy ("S+N"), or of masker energy alone ("N"). As
described previously, the relative varliabllity of a tinted
nolse-band s reduced by "whitening,”" with a consequent
increase in the accuracy of decislons made In the 2IFC task.

Unfortunately, the effects of prewhlitening are not as
beneficial under the heterogeneous conditions., Assume that
the observer matches his Input filter to the half-power
passband of the signal, the procedure suggested earlier.
The transfer characteristics of both the signal and the
masker fliters are relatively flat within this frequency
region., Thus the power spectra of the filtered "S¢N" and
"N stimull that are passed to the Inverse-flliter are
approximately rectangular. These stimul! would undergo

almost no change with respsct to thelr relative variability,
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since they are virtually "white" before inverse-flitering.
Prewhitening, then, has little influence on performance
under heterogeneous condlitions, If the noise Input is first
filtered to the nominal bandwidth of the signal.

If the observer does not set his auditory filter to the
nominal band-1imits of the slignal, then the situation s
more complex. For example, suppose that all stimulus
components wlthin the half-power passband of the masker are
fed through the auditory filter. Flirst, Irrespective of
prewhitening, the additlional stimulus components outside the
nominal signal! passband tend to degrade performance, as
previously described. Second, prewhlitening of both the
"S+N" and "N" stimull cannot be accomplished with a single
Inverse-flliter == on "N" halves of an experimental trial
the stimulus spectrum is roughly flat, while on "S+N"
presentations the spectrum~-level! is greatest at frequencles
within the midrange of the signa) passband. To whiten each
of these stimull a different inverse-filter is needed. To
declide which inverse~filter must be employed on a glven
half of an experimental trial requlires exact knowledge of
the observation interval contalning the Increment-signal.
Obviously, the Intensity-discrimination task is trivial {f
the observer has such information. Employing the "wrong”
inverse~filter on some trials introduces addltiona)

variance to the decislion process which raises thresholds.
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Moreover, numerical examples have shown that even If a

single Inverse-flliter Is used to preprocess the nolise

(e.g., one that would whiten the "S+N" stimulus completely),
sensitivity Is ﬁoorer then If attempts at prewhitening are
ignored altogether for these stimull., Thus prewhltening of
the stimull under the heterogeneous conditions elther has
little effect on performance (when the Input-bandwidth Is
restricted to the nominal bandwidth of the signal) or, an
adverse effect on sensitivity (when stimulus components
outside the nominal signal passband are included in the noise

sample fed to the energy detector.)
c. Differential Sensitivity: Mode of Masker

It {s generally accepted that gated sinusolidal maskers
produce significantly more masking of a pure tone signal
than do continuous sinusoidal maskers (Campbell, 1966;
Campbell and Lasky, 1967; Green, 1969; Leshowitz and Cudahy,
1975). When the stimull are not tones, but bands of nolse,
the effect of masker mode on intensity discrimination
depends on the bandwldth conditions. In the homogeneous
conditions there Is l1ittle difference in the effectiveness
of continuous and gated maskers. With the heterogeneous
stimull, sensitivity |s everywhere poorer with gated
maskers, mimicking the tone-in-tone data.

Under heterogsnecus conditions, the continuous masker
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may provide clues for the optimal location of the audlitory
filter. The Increased uncertainty with gated maskers, where
the observer must rely to some extent on auditory memory,
may result In raised thresholds. In the homogeneous
conditions, subjects listen "wide-band'" with both

continuous and gated maskers; in this case Information about
the center frequency of the stimulus !s relatively
unimportant. These suggestions are, of course, post-hoc
and untested. The question of why gated maskers produce
more masking than continuous maskers, but only under
heterogeneous bandwidth conditions, Is unresolved at

present.

2. Nolse-iIntensity Discrimination

as a Function of Stimulus Bandwidth

a, The Bandwidth Effect: Homogeneous Condltions

The reciproclty-factor was defined in Chapter Il as
“the change, In decibels, of S,/N, resulting from a log-
unit Increase In W ." Reclproclty-factors for the
homogeneous conditions (see Table 3-3) were calculated by
determining best-fitting 1Inear functions for the obtained
differential-thresholds plotted agalinst the equivalent

rectangular bandwidths of the stimulus fllters. We now
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demonstrate that reciprocity-factors computed in this
manner are somewhat misleading, since they do not fully
describe the effect of changing stimulus bandwldfh on
auditory Intensity-discrimination with tinted bands of
noise. Specifically, we show that theoretical plots of
threshold 10 log S,/N, versus stimulus ERB, yleld slopes
that are shallower than -5 d8 per log-unit of bandwidth
with the homogenecus stimull used In the experiment.

As noted previously, "effective passband" Is more
properly specified as stimulus bandwidth in the homozé?ous
conditions, than Is the ERB of the nolise-band, when the
stimulus does not have a uniform spectral power-density.
Prewhitening within the effective passband, then passing the
nolse to the sanergy detector, Is the optimal information-
procaessing technique. The Intensity-bandwldth reclprocity
of this "modified " energy-detection scheme Is the same as
that of the simpler W ;-model; a tenfold change In bandwidth
produces a 5 dB change In threshold 10 log S5/Ng. This Is
because once the tinted noise is whltened, the energy
statistics of the two models are the same,

In our experiment, the widest fllter used, 10,000 Hz
(ER8 = 10,051 Hz), had an equivalent rectangular bandwidth
4.5 times larger than that of the narrowest filter employed
100 Hz (ERB = 119 Hz). The ratio of the widest to narrowest

effective passband of the homogeneous stimull depends, of
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course, on the level of system nolise. This ratio ranges
from 50.8 to 10.6, for spectrum-levels of system noise that
are 10 dB and 50 dB below maximum filter output,
respectively (see Table 4-4). Consequently, switching from
one stimulus filter to another should not produce as large a
varlation In threshold values of 10 log S,/N, as the
corresponding change In stimulus ERB might lead us to
expect.

Although effective bandwidth |s the proper theoretical
parameter, the reciprocity-factors given In Table 3-3 were
computed using the equivalent rectangular bandwidths of the
stimull, (Thls Is the correct procedure for noise-bands
with white spectra, since effective bandwidth and ERB are
equal for these stimuli.) These reciproclity-factors should
not, therefore, be compared with the value of -5 for the
energy-detector model, which results from employing the
same definition of bandwidth In calculations of both
thresholds and intenslity~-bandwidth reciprocities. More
appropriate yardsticks for comparlison are, however, readily
determined. Table 4~5 lists theoretical thresholds for the
homogeneous sitmull for several possible levels of system
nolse. The calculations assume that the stimull are
completely whitened within thelr effective passbands, then
passed to the energy~detector. Regression lines were

determined -- at esach level of system nolse -- by palring
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Table 4-4

Ratio of the Widest to Narrowest Effective Passbands for
the Homogeneous Stimull at Various Levels of System Noise.

System Nolse Bandwidth
dB re |Hnpl Ratlo
-10 50.8
-20 29.1
-30 18.9
=40 13.4

=50 10.6
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the computed thresholds in Table &=5 with thelr
corresponding equivalent rectangular bandwidths. The slopes
of these tines, multiplied by ten, are the theoretlical
analogs of the reciprocity-factors presented In Table 3-3
{which were computed from the data of Tables 3-1 and 3-2),
Thus, plotting thresholds calculated using effective
bandwidth, agalinst the ERB of the stimull, ylelds
"recliprocity-factors" that are smaller (in magnitude) than
-5; this |Is based on the assumption of optimal processing of
the stimull, viz,, whitening followed by energy-detection.
Several points should be considered when evaluating the
bandwidth effects obtalned for our listeners (Table 3-3) In
comparison with these theoretical "reciprocity-factors."
First, that portion of the 10,000 Hz (HPB) nolse-band that
Is useful to the subject may not be as wide as is the
effective passband of the stimulus at low levels of system
noise. Thlis Is because frequency components at the edges of
the passband are probably below audiometric thresholds. The
truly "affective" passband of this stimulus Is l1ikely to be
independent of the intensity of th: system noise. This
tends to make the stimulus bandwidths more allke, for real
listeners, especlally If system nolse Is low. The expected
bandwidth effect (s likewise diminished. Next, note that
the largest reaciprocities are found at the weakest masker

spectrum=-level employed. Here, It is reasonable to assume
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Table -5

Theoretlical "Reciprocity-Factors' for the Homogeneous
Conditions at Several Assumed Levels of System Nolse,

ERB (Hz)
Eff. Band., (Hz)
10 log So/No

ERB (Hz)
Eff. Band., (Hz)
10 log SQ/NQ

ERB (Hz)
Eff. Band. (Hz)
10 108 So/No

ERB (Hz)
Eff. Band, (Hz)
10 log So/Ng

ERB (HZ)
Eff. Band. (Hz)
10 log So/No

System Nolse: -10 dB re |[Hml
Reciproclty-factor: -4.6
119 3hy 1013 3206 10,051
227 594 1337 3770 11,536
-6.5 -8.8 -10.7 -13,0 -15 S
System Noise: -20 db re |Hml
Reclprocity=-factor: -3.9
119 344 1013 3206 10,051
459 912 1709 438 13,376
-8.2 -9.8 -11.2 -13.3 -15.8
System Nolse: =30 dB re [H,l
Reciprocity-factor: -3.4
119 1179 1013 3206 10,051
819 1249 2117 5202 15,501
-9.5 -10.5 -11.7 -13. 7 =-16.1
System Nolse: -40 dB re [H, l
Reclprocl ty-factor: -3.0
119 3hi 1013 3206 10,051
1341 1612 2750 6077 17,957
-1007 -1101 -1201 "1'6.0 -160""
System Nolse: ~50 dB re |Hp,l
Reciproclity-factor:t -2.8
11% 117 1013 3206 10,051
1961 2010 2078 7081 20,797
-11.5 -11 6 -12.5 -14.4 -16.8
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that blological nolse masks stimulus components at the edges
of the flliter passbands, thereby limiting the "effectlve"
bandwidths of the nolise-bands. This in turn leads to a
greater bandwidth effect. Finally, neural! compression of
stimulus energy does not whiten a nolse-band as efficiently
as does an Iinverse-filter. As a result, stimulus
components at frequencles remote from the center of the
passband are not weighted as heavily as they should be for
optimal declislon making. This tends to accentuate
differences Iin stimulus bandwidth and acts to Increase the
observed degree of intensity-bandwidth recliproclty.

The smal) effect of bandwidth on intensity-
discrimination found for our subjects under homogeneous
conditions, Is not completely explalned by arguing that the
overall change in the effective bandwidths of the stimull Is
less than the change In the equivalent rectangular
bandwidths of the noise-bands. Raab and Goldberg (1975),
who reported similar "shallow" reciprocity-factors wlth
homogeneous stimull (they employed gated maskers), explored
the possibility that additive internal nolse reduces the
magnitude of the bandwidth effect from that anticipated for
the W,-model. Specifically, they demonstrated that if
Internsl variance is proportional to stimulus energy, an
assertion which “explains' Weber's Law, then iIntensity-

bandwidth recliprocitiss are predicted which are comparable
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to those exhibited by both their subjects and ours. Raad
and Goldberg also developed a single-channel, Polisson
counting model (c.f., McGIll and Goldberg, 1968a, b) which
yields a small bandwidth effect when stimulus energy is
heavily compressed during neural transduction.
Unfortunately, thelr derivation applies only to pseudorandom
noises, whose waveforms vary between trials, but not within

trials,

b. The Bandwidth Effect: Hetearogensous Condltions

Our data indlicate that bandwidth has a greater effect
on intensity-discrimination In the heterogeneous conditions
than in the homogeneous conditions. (For example, larger
reciprocity-factors are found in Table 3-6, than In
Table 3-3. In all casas, reciprocity-factors were
calculated using signal ERB.) This outcome results from the
difference In fllitering strategies adopted by the subjects
under the two bandwidth conditions.

With homogeneous stimull, optimal Information-
processing requires that the auditory flliter be set "wide-
open.” Neural! compression of stimulus energlies acts to
reduce differences In stimulus bandwidth. This theory s
consistent with the relatively small bandwidth effect

observed empirically. On the other hand, listening is
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confined to the neighborhood of the nominal signal passband
In the heterogensous conditions (see Flgures 3-6, 3-7, and
3-8), Here "steeper' reciprocities are obtained than in
the homogeneous conditlons. We suggest that this is because
the nolse signals, as processed by the subject, are more
disimilar with respect to thelr bandwidths under the
heterogeneous conditions than under the homogeneous
conditions. The essential point Is that In the
heterogeneous conditions, 1isteners cannot make use of
signa) energy outside the nomina) signal! passband;
performance is therefore governed by the energy statistics
of the "ideal" models (W ,-model, W -model),

Although the mode of the masker has little influence on
the bandwlidth effect for the homogeneous conditions, with
heterogenesous stimutl reciproclity-factors are greater when
gated maskers are employed then when continuous maskers are
used (see Table 3-6; Figures 3-3, 3~4, and 3-5). Our
analysis of the Wo-model Indicated that reclproclity-
factors between -5 and -10 result from widening the input
fllter beyond the nominal signal passband. In some unknown
manner (perhaps by supplying information about the center
frequency of the stimulus), the presence of the contlinuous
masker may alert the subject to the portion of the audltory
spectrum needing maximum attention. If sudltory memory Is

poor, such cues may not be avallable with gated stimulus
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presentations. Unfortunately, the coarse spacing of the
data in Figures 3-3, 3-b&, and 3-5, precludes our
validating this hypotheslis.

Under the homogeneous condltions the observer listens
"wide-band" at all times. Little advantage Is realized by
knowing the center frequency of the stimulus spectrum., This
is reflected In the similar reciproclity-factors found with
continuous and gated maskers, when signal and masker
passbands are ldentlical.

There are two difficulties with our explanation for the
relatively large intensity-bandwidth reciproclities found In
the heterogeneous conditions. First, we have not accounted
for the effects of blological noise. As noted previously,
Raab and Goldberg, (1975) demonstrated that sn energy-
detection model which incorporates additive Internal nolise
exhibits "“shallower" recliprocities than purely stimulus-
oriented theories. Whather such a mechanism bperates to
dilute Intensity-bandwidth reciprocities in the
heterogenaous conditions Is unclear. It Is possible that
the auditory filter Is consistently set wider than the
nominal signal passband. This would tend to bring
recliproclity-factors closer to -10. On the other hand,
internal variance would pull recliprocity-factors In the
oppos ite direction (see page 145). The resulting

reciprocity-factors might very well be In reasonable
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agreement with the values determined from the experimental
data. As before, the contlinuous maskers could supply
information useful for matching the auditory filter to the
signal passband. Thus, smaller reciprocity-factors would
be expected with continuous maskers than with gated maskers.

A second problem arises when we consider the experiment
of Moore and Raab (1975). These Investigators studied
intensity~discrimination for noise bursts Iin the presence
of a contlnuous, bandstop-filtered background, whose
spectrum=-level in the passband was 10 dB above that of the
standard burst (see thelr Figure 1, p. 401). They found
that performance improved with increasing width of the
bandstop. However the average reciproclty-factor of -2.5
was about half the magnltude of the Intensity-bandwidth
reclproclity observed In our heterogeneous condlitions.

it Is reasonable to assume that the contlnuous,
bandstop background supplled precise information about the
band-1imits of the gated stimuli; the subject had no
ambigulity about the location of the signal passband, as In
our heterogensous conditions, where at best, the center
frequency of the stimulus was conveyed by the contlinuous
masker. By assuming additive Internal noise, we may then
account for the reduced bandwldth effect observed in the
Moore and Raab (1975) study, as compared to the square-root

recliprocity given by the ws-model.
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In summary: (1) Changing the ERB of the nolse stimull
in the homogeneous conditlions by approximately two-decades
had little affect on intensity-discrimination thresholds,
with either continuous or gated maskers. For these noise-
bands, Important stimulus components were shown to exist
outside the ERB of the nolse-signal. Inclusion of such
components, after whitening, in the noise sample fed to the
energy-detector effectively makes the homogeneous stimuli
more alike with respect to their bandwidths., Hence, the
change in threshold 10 log So/Ng brought about by switching
stimulus-filters is minimal., Additive internal nolse
serves further to reduce the degree of Intensity-bandwidth
reciprocity. (2) For the heterogeneous conditlions, optimal
stimulus processing necesslitates matching the auditory
flliter to the nominal passband of the signal. Fallure to do
so results In both decreased sensitivity and reclprocity-
factors between =5 and =10. Our results provide some
evidence that subjects do indeed maintain Input passbands
that are wider than the ERB's of the noise-signals.
Internal nolse probably forces the reclproclty-factors to

cluster around a value of -5,

3. Intensity-Discrimination Functions

A "near-miss" to Weber's Law was found for the narrow-
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band stimull under the homogeneous conditions, for both
modes of masker (see Tables 3-7 and 3-8), As the
bandwidth of the nolse was Increased, sliopes of Intensity
discrimination functions approached or exceeded unity with
the continuous maskers, while with the gated maskers slopes
close to unity were obtained only for the widest passband
employed (10,000 Hz). These findings may be better
understood If we consider the avallabllity of nolse
components outslide the nominal passband of the stimulus, as
a function of masker spectrum=-level.

Recall that In the homogeneous conditlions, prewhltening
of the stimulus within Its effective passband results In a
significant Improvement In differentlial sensitivity, As
masker level) |s Increased, more and more stimulus components
outside the nominal signal passband become audible, that is,
their levels are ralsed above the levels of both system and
biological noises. Essentially, the effective bandwidth of
the stimulus grows with Increasing masker spectrum-level,
at least unti] very high stimulus Intensities are reached.

The change In effective bandwidth with masker spectrum-
level Is less for the stimull generated by the "wide-band"
filters than for the stimull generated by the more "narrow-
band" filters. Even at high masker levels, the ratio of
audible stimulus components outside the slignal passband, to

stimulus components within the nominal passband, Is smaller
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for a "wide-band” stimulus than for a '"narrow-band'’
stimulus. Thus a "near-miss" to Weber's Law is predicted
for narrow, homogeneous bands of noise, while slopes of
intensity-discrimination functions tend toward unity as
stimulus bandwidth Is broadened. Why mode of masker affects
the slope of Intensity-discrimination functions Iin the
homogensous conditions remains unexplained.

In the heterogeneous conditions, the decision strategy
serves to limit the power spectrum of the noise=-input to
the nominal passband of the signal. Therefore, Increasing
the level of the masker does not result In any "new"
components being added to the noise sample passed to the
energy detector, Even If the Input fllter Is not set
precisely to the passband of the signal, the broadband
masker (W, > W,) "swamps" signal components at remote
frequency reglons, as we have shown before. Thus, Weber's
Law is expected and obtalned with both masker-modes for all
the hefeno;on.ous stimull employed in the experiment save
one, viz., the combination of the 100-Hz signal and 316-Hz
masker.,

Slopes of intenslty-discrimination functions for thls
particular stimulus Indicate that Weber fractions (§,/N,)
rapidly diminlish with increasing masker spectrum-level.
This observation Is readlly explalned. We have seen that

informatlon-processing of this stimulus (100-Hz signal,
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316-Hz masker) best proceeds by positioning the auditory
filter at a reglion outside the nominal signal passband,
where signal-to-masker ratios are high. When the
spectrum=-level of the masker is raised, the locatlion of the
auditory filter Is shifted to newly asudible regions where

even larger signal~to-masker ratlios are to be found.
€C. Concluding Remarks

Our investigation has shown that the simple energy-
detector (W -model) falls to describe the effect of nolse
bandwidth on Intensity discrimination for homogeneous bands
of tinted nolse. Furthermore, the model does not accurately
predict the slopes of Intensity-discrimination functions
for these stimuli.

We have developed a version of an energy detection
scheme which will account for significant features of the
obtained data. Speclifically, the model incorporates
mechanisms for utllizing Information from nolse components
outside the nominal stldﬁus passband whenever possible, a
source of information ignored by the Wg-model. These
machanisms reduce differences in stimulus variability and
lessen the effect of changing bandwidth on Intensity
discrimination thresholds In the homogeneous condlitions. In

the heterogeneous conditions, the subject Is assumed to
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adopt an information-processing strategy similar to that of
the receliver of tha Hs-model. As a result, reciproclity
factors are fairly "“steep." Additive internal nolse serves
to reduce the trade of signal power with signal bandwlidth
from the predictions of the purely stimulus-orlented
models, under both bandwldth conditions.

Most models of iIntensity~discrimination do not
distinguish between contlnuous and gated maskers, although
real subjects often do. While we have offered a tentatlive
explanation for the effect of masker-mode on
intensity-bandwidth reciprocity, we have shed no light on
why the mode of the masker influences the slope of
Iintensity-discrimination functions in the homogeneous
conditions, and why It has 1little effect In the
heterogeneous conditlions. Theories which explicitly model
the response of the auditory nervous system to stimulus

onset and termination may be more frultful In descrlbing

performance differences as a function of masker mode.

%
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Appendlx
THE MASKER BANDWIDTH MODEL

Raad (unpublished) has extended the energy detector
model for nolse-intensity discrimination (H’-model) to
include those experimental condlitions where the nolse-
signal bandwidth is smaller than the nolise-masker bandwidth
(W -model). Consider the means and variances of the masker
alone and signal-plus-masker energy distributions. For
those trials where the masker is presented alone, the mean

stimulus energy is
NownT.

The variance of this distribution is
Ng W, T.

Likewise, the mean of the signal=-plus-masker energy

distribution Is

where the quantity (un - H,) represents that portlion of the
stimulus outside the signal passband. The varlance of this

distribution is
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> >
("o + SO’ H.T * No ("n - H"To

Note that since the masker alone and signal-plus-masker
nolse samples are derlived independently, the variance of the
difference distribution Is simply the sum of the variances
of the two energy distributions.

Thus, the normalized mean of the difference

distribution, "™M," Is

[N WnT & (Ng ¢ S0 WeT & Ng (W, -wT]W

Expanding terms and performing the indicated algebra,

SoWgT
O T * MoSohgT + S W 17

s

W o o VT 1
Wy T 05,0 + (5,78 +» W /% o+

When signal and masker bandwlidths are the same, thﬂs -1,

and the above equation becomes ldentical to Equation 1-1 of
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