Forward masking: Adaptation or integration?
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The aim of this study was to attempt to distinguish between neural adaptation and pergistence
temporal integrationas possible explanations of forward masking. Thresholds were measured for a
sinusoidal signal as a function of signal duration for conditions where the delay between the masker
offset and the signal offsefthe offset—offset intervalwas fixed. The masker was a 200-ms
broadband noise, presented at a spectrum level of 40aR0 uP3g, and the signal was a 4-kHz
sinusoid, gated with 2-ms ramps. The offset—offset interval was fixed at various durations between
4 and 102 ms and signal thresholds were measured for a range of signal durations at each interval.
A substantial decrease in thresholds was observed with increasing duration for signal durations up
to about 20 ms. At short offset—offset intervals, the amount of temporal integration exceeded that
normally found in quiet. The results were simulated using models of temporal integfétion
temporal-window modgl and adaptation. For both models, the inclusion of a peripheral
nonlinearity, similar to that observed physiologically in studies of the basilar membrane, was
essential in producing a good fit to the data. Both models were about equally successful in
accounting for the present data. However, the temporal-window model provided a somewhat better
account of similar data from a simultaneous-masking experiment, using the same parameters. This
suggests that the linear, time-invariant properties of the temporal-window approach are appropriate
for modeling forward masking. Overall the results confirm that forward masking can be described
in terms of peripheral nonlinearity followed by linear temporal integration at higher levels in the
auditory system. However, the difference in predictions between the adaptation and integration
models is relatively small, meaning that influence of adaptation cannot be ruled ou200®
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I. INTRODUCTION candidate for the neural site of forward maskit@mith,

Forward masking, where the threshold of a signal is el-1977’ 1979. Certainly, a number of aspects of auditory-

evated by a masker preceding it in time, has been the subje@ferv.e adaptation resemble psychophysi.cal'forwarc'i mas.king.
of intense study over a number of decades., de Mare For mstan_ce, the_growth of adaptation with increasing stimu-
1940: Lischer and Zwislocki, 1947: Munson and Gardner,lus level is nonlinear aﬁd gventually saturgtes, ]US.t as' the
1950; Zwislockiet al, 1959; Plomp, 1964; Elliott, 1971; wi- 9"0Wth of forward masking is generally nonlinear, with sig-
din and Viemeister, 1979: Jesteaattal, 1982: Moore and nal threshold often increasing only slowly as a function of
Glasberg, 1983; Nelson, 1991; Plack and Oxenham, l99gmasker level(Jesteadtet al, 1982; Moore and Glasberg,
Despite the continued interest in the phenomenon, and thk983. Such resemblances have led many psychophysicists
many empirical facts known about it, the mechanisms underto refer to forward masking in terms of neural adaptation
lying forward masking remain poorly understood and a mat{Duifhuis, 1973; Kidd and Feth, 1981; Jesteatial, 1982;

ter of debate. Bacon, 1996; Nelson and Swain, 1996lowever, quantita-

In situations where the masker is a brief impulse, Duif-tive studies of forward masking in the auditory nerve, using
huis (1973 has shown that peripheral frequency selectivitydetection theoretic analysis techniques, have demonstrated
can play a role in producing forwar@nd backwargmask-  much less masking in individual auditory-nerve fibers than is
ing, because of the finite response times of the auditory filmeasured psychophysicalRelkin and Turner, 1988 as
ters. In such situations, the responses to the masker impulseell as different dependencies on parameters such as signal
and a brief signal may physically overlap in the auditoryduration and rise timé&Turner et al, 1994. Also, the fact
periphery, even if the acoustic stimuli do not, producingthat cochlear implant patients show forward masking over a
what is essentially simultaneous masking. However, subsesimilar time scale as normal-hearing listend@hannon,
quent work has indicated that for maskers longer than @990 suggests that forward masking occurs at a higher stage
single impulse, the role of peripheral interaction in forwardof processing than the inner hair cells. No physiological
masking is generally negligible, at least for signal frequen-studies using signal-detection methods have been carried out
cies of 1 kHz and abov&/ogten, 1978; Gorgat al, 1980;  at centers higher than the auditory nerve. Thus it is possible
Carlyon, 1988 _ that neural adaptation at higher levels of the auditory path-

Adaptation in the auditory nerve has been proposed as Rays mediates forward masking.

An alternative view of forward masking is that it is due
dElectronic mail: oxenham@mit.edu to a continuation, or persistence, of neural activity, after the
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physical offset of the maskdPlomp, 1964; Penner, 1975; amount of adaptation is approximately proportional to the
Zwicker, 1984; Mooreet al, 1988; Oxenham and Moore, excitation produced by the masker.
1994). The site of such masking is hypothesized to be higher =~ The aim of this study was to distinguish between two
than the auditory nerve, but no specific mechanisms havpossible mechanisms, adaptation and temporal integration,
been proposed, other than that it could reflect stimulus intewhich have both been hypothesized to underlie forward
gration in neurons with relatively long time constants. masking. In this attempt it is assumed that the integration
Quantitative models of forward masking have generallymechanism is linear and time-invariant, as assumed in most
been in the persistence category, with the exception of thenodels (Moore et al, 1988; Oxenham and Moore, 1994
model of Dauet al. (1996a,b, which uses feedback loops to Adaptation, on the other hand, is by definition time-variant;
produce an effect similar to adaptation, although the outputhat is, the response to a given stimulus depends on any
of the model also shows persistence, due to a low-pass filtgarevious stimulation.
with a cutoff frequency of 8 Hz. In the model of Mooet al. In an adaptation-based explanation, it seems likely that
(1988, after peripheral filtering, stimuli are squaréglving  the portion of the signal furthest from the masker is most
a quantity proportional to intensityand then passed through important in determining threshold, and that portions of the
a linear temporal integrator, which smooths the temporal repsignal closer in time to the masker should contribute less to
resentation of the stimuli such that the response to theetection. This is because the response to portions closer to
masker overlaps with, and hence can mask, the response titte masker will be more adapted, and hence less detectable,
the signal. The disadvantage of using a linear temporal intethan later portions of the signal. It follows, therefore, that
grator with a square-law nonlinearity, such as that proposethresholds in forward masking should be less dependent on
by Moore et al. (1988, is that many nonlinear aspects of signal duration than in simultaneous masking or in quiet, as
forward masking, such as its growth with masker level, carlong as the time interval between the forward masker offset
only be predicted by assuming that the integrator changeand signal offset is kept constant.
shape with leve(Plack and Moore, 1990 The temporal window is hypothesized to be a peaked
More recently, it has been suggested that the nonlineaunction with a shorter time constant for times after the peak
aspects of forward masking may be due to mechanical northan before, in order to account for the fact that backward
linearities observed in the response of the basilar membramaasking decays much more rapidly than does forward mask-
(BM) to sound, and that once those nonlinearities are takemg. Because of this, the greatest signal output from the win-
into account, forward masking can be treated as lit€x  dow is achieved when the peak of the window is near the
enham and Moore, 1995, 1997This account relies on the offset of the signal. It is generally assumed that threshold is
finding that the response of the BM to tones at characteristidetermined by the point in time at which the signal-to-
frequency (CF) is linear at very low levels, but becomes masker ratio at the output of the temporal window is greatest,
highly compressive at higher levels, with the transition oc-and that threshold corresponds to a fixed signal-to-masker
curring at sound levels of somewhere between 20 and 50 dBatio. Because an increase in signal duration results in a
SPL (Rhode, 1971; Sellicket al, 1982; Ruggeroet al, greater signal area under the temporal window at this point
1997. At very short masker-signal intervals, when thein time, the model predicts that signal thresholds will de-
masker and signal are in the same level region, growth ofrease as signal duration is increased, at least up to durations
masking should be nearly linear. As the delay between thef 20 ms or soqOxenhamet al, 1997. This is true whether
masker and signal is increased, the growth of maskingr not a forward masker is present; because the window is
should become increasingly nonlinear as the masker levdinear, the presence of the masker has no effect on the re-
falls into the compressive region of the BM response, whilesponse to the signal. Thus the temporal-window model pre-
the signal remains in the low-level, linear region. Furtherdicts at least as much temporal integration in forward mask-
data and model predictions by Plack and Oxenia898  ing as in quiet, or in simultaneous masking. The prediction
support the idea that the nonlinear growth of forward maskthat adaptation should lead to less dependence on signal du-
ing is due to BM nonlinearity rather than saturating neuralration in forward masking, while an integration-based ac-
adaptation. count should lead to at least as much integration as is ob-
Based on studies to date, a model with a BM-like com-served in quiet, forms the basis of this study.
pressive nonlinearity, followed by a linear sliding temporal Zwislocki et al. (1959 found no effect of signal dura-
integrator, or temporal window, provides a quantitativetion if the interval between masker and signal offsets was
framework for describing the nonlinear growth of maskingheld constant, thus supporting the adaptation hypothesis.
for different masker-signal delay&Plack and Oxenham, However, they used smoothly gated 1-kHz tones for both
1998); the effect of masker duratiofOxenham and Moore, masker and signal. It is possible that the signal was perceived
1994); and the effect of cochlear hearing impairmé@xen-  simply as a continuation of the masker at short gaps between
ham and Moore, 1997in forward masking. However, as the masker offset and the signal onset, thus confounding the
noted by Plack and Oxenha(h998, the fact that BM non- effect of signal duratioiNeff, 1986. This view is supported
linearity can account for many of the nonlinearities observedy another experiment in that study. Initially, Zwislocki
in forward masking does not rule out the possibility thatet al. (1959 found a nonmonotonic relationship between sig-
forward masking is due to neural adaptation following BM nal threshold andnaskerduration. The relationship reverted
nonlinearity. It could be, for instance, that the responsibleo being monotonic when the masker was gated abruptly,
adaptation behaves in a quasi-linear way, such that thproviding a salient cue for the masker offset. Unfortunately,
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the experiment varyingignalduration was not repeated with sible confusion effects. A relatively high signal frequency
an abruptly gated masker. ElliofLt962 used a broadband was chosen to allow the use of very brief sign@sans total
noise forward masker and compared thresholds for 5- anduration without the signal bandwidth exceeding the esti-
10-ms sinusoidal signalgated with 1-ms rampsat 2 kHz.  mated bandwidth of the auditory filter at 4 kH@lasberg
She concluded that her results were consistent with Zwisand Moore, 1990 Also, at such high frequencies, it is un-
locki et al's hypothesis that thresholds did not depend onlikely that peripheral interaction due to filter ringing limits
signal duration. However, as only two short signal durationgerformance. The masker-signal offset—offset interval was
were tested, it is difficult to draw strong conclusions fromset to 4, 6, 9, 12, 22, 52, or 102 ms. At each of these inter-
her results. vals, thresholds were measured for the same range of signal
More recent studies have suggested that signal duratiodurations, provided the masker and signal did not overlap in
may affect thresholds in forward masking, even when thdime. For example, for an offset—offset interval of 22 ms,
offset—offset interval is held constant. Thorntd®72, us-  thresholds were measured for total signal durations of 4, 6, 9,
ing a 1170-Hz forward masker and a 1753-Hz signal, foundl2, and 22 ms; for an offset—offset interval of 4 ms, thresh-
that signal thresholds decreased with increasing duration faslds were only measured for a signal duration of 4 ms. When
durations between 10 and 20 ms in roughly the same way adiscussing the data, the signals are referred to by their
they did in quiet. However, the effect is smélkéss than 5 half-amplitude durations, which were 2, 4, 7, 10, 20, 50, and
dB) and in the only figure of untransformed ddkas Fig. 3, 100 ms.
there appears to be a nonmonotonic relationship, with thresh-  The masking noise was created at the beginning of each
oldsincreasingagain as the signal duration is increased fromrun by generating a 2-s circular buffer of Gaussian noise,
30 to 250 ms. Fastl, using himself as the only observer, megerforming a discrete Fourier transform, setting the compo-
sured integration for a signal with a fixed offset—offset inter-nents above 7 kHz to 0, and applying an inverse Fourier
val of 20 ms for a broadband mask@fastl, 19768 10 ms  transform. A random starting point within the resulting noise
for a critical-band maske(Fastl, 1976l and 10 ms for a buffer was selected for each presentation. Stimuli were gen-
pure-tone maskeiFastl, 1979. In all these studie€Fig. 7 in  erated digitally at a sampling rate of 32 kHz and were played
all three papeps Fastl found a decrease in threshold with out via the built-in 16-bit DAC and reconstruction filter of a
increasing signal duration, except in the case of the 4-kHSilicon Graphics workstation. Stimuli were then passed
pure-tone masker when the signal was at the same frequentiyrough a programmable attenuatd@DT PA4) and a head-
as the masker, which he also ascribed to a “confusion” efphone buffeTDT HB6) before being presented to the left
fect. For the two noise maskers, the decrease in thresholdsrpiece of a Beyer DT 990 headset.
with increasing duration was similar to that observed in
quiet. Finally, Gralla(1992 performed a similar study also
using a 4-kHz signal and offset—offset times ranging fromB. Procedure

1.5 to 100 ms. In broad agreement with Fastl's data, he  Thresholds were measured using a three-interval forced-
found that thresholds with a broadband forward masker dechoice method with a two-down one-up adaptive procedure
creased with increasing signal duration for the first 10 msthat tracks the 70.7%-correct point of the psychometric func-
and then remained constant. Results with a tonal and Criticahon_ Each interval contained the noise masker’ and one in-
band masker showed nearly no effect, perhaps also due tgrval, chosen at random, also contained the signal. The in-
confusion. terstimulus interval, measured from the offset of one masker
In summary, there seems to be disagreement in the litr the onset of the next, was 500 ms. Listeners were required
erature regarding the effects of signal duration in forwardy select the interval containing the signal. The signal level
masking, which makes it difficult to support either adaptationyas initially adjusted in steps of 8 dB. After every two re-
or integration theories. Also, none of the studies discussegersals, the step size was halved until the minimum step size
above used a forced-choice measurement procedure, usigg2 dB was reached. The run was terminated after another
instead variations of a Bekesy tracking method. The purposgight reversals. Threshold was defined as the median level at
of the present experiment was to study the effects of signahe |ast eight reversals. For every listener, four such esti-
duration in forward masking using an adaptative forced-mates were made for each condition, and the mean and stan-
choice procedure with the aim of helping to distinguish be-gard deviation of the four estimates were recorded. Listeners
tween a theory of adaptation or a theory of linear temporajyere given at least two hours practice before data were re-

integration to account for forward masking. corded. Responses were made via a computer keyboard, and
feedback was provided via a computer monitor, which was

Il TEMPORAL INTEGRATION IN FORWARD placed ogtS|de thg listening booth and was V|S|ple through a

MASKING booth window. Listeners were tested in a single-walled

sound-attenuating booth, which was situated in a sound-

A. Stimuli attenuating room.

A broadband Gaussian noi$@—7000 Hz with a half-
amplitude duration of 200 ms, gated with 2-ms raised—cosineC Subiects
ramps, and a spectrum level of 40 ¢if®: 20 uPa was used ' !
as a forward masker. The signal was a 4-kHz sinusoid, gated Four normal-hearing listeners participated as subjects.
with 2-ms ramps. A broadband noise was used to avoid posS1 was the author, S2 and S3 were female and male univer-
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FIG. 1. Mean thresholds for a 4-kHz signal after a 40-dB spectrum (el £ 2 Mean signal thresholds in forward masking, replotted from Fig. 1, as
20 uPg broadband forward masker, as a function of signal duration. The

a function of masker-signal intervaheasured from the masker offset to the

parameter is the time interval between the masker offset and the signe;dignm offseL. The parameter is signal duration. Durations wi@rem top to
offset. These offset—offset intervals wéfeom top to bottom on the graph bottom on the graph2, 4, 7, 10, 20, 50, and 100 ms.

4,6,9,12, 22,52, and 102 ms. Error bars represenstandard error of the
mean across the four listeners.

section examines how well the results are quantitatively de-
sity students, and S4 was a female university employee. Sgcribed by models of both adaptation and integration, with
through S4 were paid for their participation. All had thresh-and without peripheral nonlinearity.
olds at octave frequencies between 250 and 8000 Hz of 15
dB HL or less. The ages of the listeners were 27, 19, 20, and

55 years for S1-S4, respectively. Ill. MODEL PREDICTIONS
D. Results A. Temporal-window model
All four listeners showed a very similar pattern of re- The mean data from the experiment were fitted using the

sults, and so only the mean data are shown in Fig. 1. Thresfémporal-window model, as described in previous papers
olds are plotted as a function of signal duration, with the(Oxenham and Moore, 1994; Plack and Oxenham, 1998
masker-signal offset—offset interval as the parameter. Staretimuli, including the noise maskers, were represented by
dard deviations across the four repetitions for each listenefnvelopes which were flat during the steady-state periods, as
were generally less than 2.5, and always less than 5 dB. THES assumed that the random fluctuations in the broadband
error bars in Fig. 1 denote:1 standard error of the mean noise do not play a decisive role in determining thresholds.
across the four listeners. All listeners showed considerabléhe level of the noise was set at the expected level passing
temporal integration for short offset—offset intervals. For in-through an auditory filter centered at 4 kHz with an equiva-
stance, at an offset of 9 mglownward-pointing trianglés lent rectangular bandwidttERB) of 4_56 Hz, as derived by
mean thresholds decreased by nearly 14 dB as the sign&ilasberg and Moorél990. The amplitude envelopes of the
duration increased from 2 to 7 ms. This ig@aterchange symuh were then passed through a ngnllnearlty, de5|gneq to
than would be expected for thresholds in quiet or in simul-Simulate the effect of BM compression. The compressive
taneous masking, where a decrease of between 2.5 and 3 @gnlinearity is described by the equations:
per doubling of duration is expectdd.g., Florentineet al,, Lou=0.78;,, Li,<35dBSPL,
1988. At larger offset—offset intervals, the amount of tem- L —016..4+217 L.=35dBSPL 1)
poral integration is less. Even so, for an offset—offset interval out™ ¥+=+=in o min '
of 102 ms, the 11-dB decrease in mean thresholds as thEhe slopes were determined by the psychophysical estimate
signal duration is increased from 2 to 20 ms at least matchesf BM nonlinearity found by Oxenham and Pla¢k997).
that normally found in quiet and in simultaneous masking.The breakpoint of 35 dB is somewhat lower than that found
Little or no temporal integration was observed for signalin their study, but is the same as that used by Plack and
durations greater than 20 ms. Oxenham(1998. This breakpoint is also well within the
Figure 2 depicts the mean data in a more conventionalange of physiological estimates, which range from 20 to 55
way, with thresholds plotted as a function of offset—offsetdB SPL(Murugasu and Russell, 1995; Ruggetal., 1997.
interval, and signal duration as the parameter. The decay dfhe output of this stage is expressed in units of intensity
forward masking is very similar to that observed in previous(i.e., the values are squajedrhis is consistent both with
studies. However, in contrast to the studies of ZwislockipsychophysicalOxenham and Moore, 1995; van de Par and
et al. (1959 and Elliott (1962, the data show a clear effect Kohlrausch, 1998 and physiological(Yates et al., 1990
of signal duration for durations of 20 ms and less. The nextlata.
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TABLE I. Parameter values for the temporal-window model. Values from predict the mean threshold in qui€20.9 dB SPL for the

the three different fits are given, along with the sum of squared ei83§). 2-ms (half-amplitude duration tone for listeners S1-S3.
The total number of data points fitted was 29. Fit 1 was the original fit using

the nonlinearity described by E€l) and the window parameters from sub- (This threshold was not measur_ed in S4. . .
ject AO in Oxenham and Moorgl994. Fit 2 used the same nonlinearity as Results from these simulations are shown in the right

Fit 1, but allowed the window parameters to vary so as to provide the best fipanel of Fig, 3. The left panel replots the mean data from
(Iovyest sum of squared errors, SBGit 3 uged a less compressive nonlin- Fig. 1 for comparison. The overall fit is not good, with the
earity, with a slope of unityin dB/dB coordinatesbelow 35 dB SPL and a . .
slope of 0.25 above. The decision ratio was always allowed to vary to best!™ of squared errors fOt_‘ the 29 data p‘?'“ts _Of 476, giving an
fit the data. rms error of 4.05 dB. This is caused primarily by very poor
predictions of one or two data points, such as the threshold
for the 4-ms offset—offset interval. The poor fit is perhaps
not surprising, given that the window was derived using a
simple power-law nonlinearitfOxenham and Moore, 1994
Fit 1 4.0 290 00251 35 275 4758 rather than the more complex nonlinearity used here. It is
Fit2 31 210 0.206 32 162 130 hown that changes in the input nonlinearity change the ef-
Fit 3 4.6 16.6 0.170 35 1.67 50.7
fective window shapéPenner, 1978; Oxenhaet al., 1997,
meaning that the old window was probably not appropriate
for the current nonlinearity. Nevertheless, the model man-
The stimuli were then passed through a sliding temporahges to capture the main trends of the data rather well. In
integrator, or temporal window. The window comprises threeparticular, the model shows an increase in the slope of inte-
exponential functions, one to describe backward maskingration at shorter offset—offset intervals, as in the data. This
(making it largely irrelevant for the present studgnd two  increased integration at short offset—offset intervals in the
to describe the initial and later portions of forward maSking.mode| predictions can be exp|ained as follows. At the |0nger

Parameters
Decision
Tpr (Mg Tpyp (MY w T, (M9 ratio SSQ

The window is described by the following equations: intervals, the overall signal level is low, falling into the more
W(t)=(1—w)expt/Tp) + Wexp(t/Ty,), t<O, !inear region of the BM input—ou'tput function. At shorter

) intervals, the overall signal level is above 40 dB SPL and

W(t)=exp(—t/T,), t=0, would therefore be expected to fall within the more compres-

wheret is time relative to the peak of the windoW,, and  Sive region of the BM input—output functioi®xenham and
T,, are the time constants describing the decay of forward’lack, 1997. As greater compression leads to a steeper inte-
masking,w is the weighting factor determining the relative gration slope(Penner, 1978; Oxenhast al, 1997, greater
contributions of these two time constants, angis the time  integration for the higher signal levels is expected.

constant describing the decay of backward masking. The pa- The lack of temporal integration for signal durations
rameters of the window were set in advance to those deriveireater than 20 ms is also reflected in the predictions of the
for subject AO in the study by Oxenham and Mo¢t®94,  temporal-window model. Oxenharet al. (1997 proposed
and are given in the first line of Tablé The decision device that integration for signal durations up to between 10 and 20
was based on the ratio of the output due to the masker an@s may be governed by a short-term temporal integrator. For
signal, and output due to the masker alone. The point in tim@urations longer than that, temporal integration in quiet and
at which this value is greatest is assumed to be the time an simultaneous masking may be due to a multiple-looks
which the decision is made. The signal-to-masker ratio promechanism, whereby information from discrete samples is
vided the only free parameter, and was assumed to remaitombined over timéViemeister and Wakefield, 1991Such
constant for all conditions. A constant “internal noise” was multiple looks would not provide much advantage in a
added to simulate threshold in qui¢tee Oxenham and forward-masking situation, as the “looks” closer to the
Moore, 1994, for details This was set so as to correctly masker would be less detectable and would hence provide

90 ——rrrr ——r T —

80 - Mean data T Model predictions
g 70r ‘\- 1 E\: _
7
g '\'\' 1 \V _
R 4
250 \ T ] FIG. 3. Predictions of the temporal-
] 40 -4 - window model(right panel compared
o .
£ T with the mean data(left pane).
Z30F .l\*\-l-\.l.\_x_____* T M_—% - Thresholds are plotted as a function of
500 L '\.\‘\.\.___‘_. 1 G\S\@‘H__@_@ h signal duration, as in Fig. 1.
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less information than looks further from the masker. Thus, 80 T T T T T T T

temporal integration beyond 10 or 20 ms would not be ex- [

pected. I
The fact that the model captures the main trends of thes g,

70 | :\.
data is encouraging, especially as all parameters except thé : \ 1
signal-to-masker ratio were fixed in advance. However, asg 5o | \ .
mentioned above, the overall fit is rather poor. This could beZ i . 7
due to a nonoptimal choice of model parameters, or simply§ 40
because it is not possible to accurately predict both the decaz% 30 | i
of forward masking and signal integration in forward mask- & i ® o |
ing using a simple integrator model. This is an important @ 20 | N\L—‘—. .
question: If the latter explanation is correct, it suggests that - 1
additional mechanisms, such as adaptation, may be require 10
to provide a full account of forward masking. 0 L o . L
To answer this question, the model was used to fit the 1 10 100
data again, but this time certain parameters were either opti-
mized using a minimization routine, or were fixed to differ-
ent values. First, the nonlinearity remained the sgsee Eq. FIG. 4. Predictions of the modified temporal-window mogkslid curves,
(1)], but the three window parameters defining forwardand cross for the 4-ms offset conditicompared with the mean datsym-
masking,Tbl, T2, andw, were allowed to vary so as to b_ols). See tgxt for _mod_el details. Thresholds are plotted as a function of
. . . signal duration, as in Fig. 1.
produce the best fit to the dafdefined using a least-squares
criterion). The best-fitting values, given in the second line of
Table |, produced a considerably improved fit, with a total

Signal duration (ms)

data, where more integration was observed at shorter
sum of squares of only 113, as opposed to 476. masker-signal _offset mFe_rvaIs. Als_o, the window shape nec-
essary to predict a sufficiently rapid decay of forward mask-

Next, the nonlinearity was changed. Instead of usinqn 25 100 narrow to predict the observed amount of term-
slopes of 0.78 and 0.16 for lower and higher signal levels gw W to predi v u

respectively, the values were changed to 1.0 and 0.25. TheggraI integration in any condition. For instance, the linear

i : . @ model predicted a decrease in threshold of 5.2 dB as the
values are consistent with some previous stu nham signal duration increased from 2 to 10 ms, while for the same
and Moore, 1994; Oxenharet al, 1997 and imply linear 9 ’

. ) increase in duration, the mean data show a decrease of 13.3
growth at low levels and compressive growth with a com-

pression ratio of 4:1as opposed to 6)at levels above 35 dB in the 12-ms offset—offset condition and 8.6 dB in the

dB SPL. Thus these values imply less compression overalfmz'ms condition. The present data therefore provide further

but are still within reasonable limits of what is known physi- évu_jen_ce for the importance of mclut_jmg peripheral nonlin-
earity in models of temporal processing.

ologically about BM nonlinearity. Again, the three window In summary, the results appear to be quantitatively con-

parameters were allowed to vary, and the resulting values A8 1ant with the idea that forward masking is mediated by

given in the third line of Table I. With these parameters, theBM nonlinearity followed by linear temporal integration.

overall fit was excellent, with a total sum of squares of onlyHowever as with all previous modeling studisg., Plack

50.7. These predictions are shown as curves along with thgnd Oxenham, 1998the success of the temporal-window
mean data in Fig. 4. X

.. . _ . approach does not rule out the possibility that an adaptation
The additional modeling shows that it is possible to ac- bp P 4 P

¢ telv for both the d hpe d ki echanism could account for the data equally well. The fol-
count accurately Tor bo € gecay of forward masking an owing section introduces a functional model of adaptation,
temporal integration in forward masking using a simple lin-

i : . ) . to provide a quantitative comparison with the temporal-
ear integrator. As there is considerable interaction betweeﬁlindow model

the model parameters, it is not trivial to attach a meaning to
the window changes necessary to provide a good fit to the
data. It seems, however, that the data are best described b)?a
somewhat less compressive nonlinearity than has been used In modeling adaptation, it is assumed that a signal is
in some previous studies. masked because the response of the auditory system to the
It should be noted that the compressive nonlinearitysignal is reduced to a level at or below threshold in quiet.
within the model is essential in producing good fits to theThus adaptation due to a forward masker is modeled as a
data. This is demonstrated by the poor performance of gain function, which is lowest at the masker offset and in-
linear version of the model which integrates intensity, ascreases as the time from the masker offset increases, such
described by Mooreet al. (1988 and Plack and Moore that the gain is unity(0 dB) at times of about 200 ms or
(1990. With four free parametergsas with the nonlinear greater. It is further assumed that the auditory system can
mode), the best fit produced a sum of squared errors ofntegrate over the duration of the signal, with a rectangular
285—considerably worse than the nonlinear model. As exwindow, and that the threshold for a given signal is deter-
pected from a linear model, the predicted amount of tempomined by the integral of the signal intensity, modified by the
ral integration was the same for all masker-signal offset incontinuously varying gain function. In this way, when no
tervals and for the signal in quiet. This is in contrast to themasker is present, the gain is always 0 dB and the model acts

Adaptation model
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0 A L L L L B B L B predicting increasing amounts of integration at higher signal
[ ] levels.

As with the temporal-window model, a linear version of
the adaptation model, using a gain function derived from
Plomp’s (1964 exponential equation, was not successful in
predicting the data, producing an overall sum of squared er-
rors of 534.4. As with the linear temporal-window model,
insufficient temporal integration was observed. However,
whereas the linear temporal-window model predicted equal
integration at all masker-signal offsets, the linear adaptation
model predicted more integration at longer offset—offset in-
5 C o o] tervals than at shorter intervals. This is contrary to the data,

0 10 20 30 40 50 60 70 80 90 100 but is expected because the ad_aptatlon gain fun_ctlon be-
_ comes shallowefand so has less influencat longer inter-
Time after masker offset (ms) vals when plotted as a function of linear time; at shorter
FIG. 5. Third-order polynomial function from Eq(3), plotted as Offset intervals, the gain function changes more rapidly,
10 lod G(t)], which was used to determine the instantaneous gain in thdeading to less integration being predicted.
adaptation model. In summary, an adaptation model was almost as success-
ful at predicting the data as the temporal-window model. For
as an energy detector at low levels, predicting thresholds ioth categories of model, the initial nonlinearity was crucial
quiet as a function of duration reasonably well. Note that thisn producing good predictions. Thus, taken on their own, the
model is in fact also a model of temporal integration. Whatdata from the present study do not distinguish between inte-
distinguishes the two models is whether the masker is partlgration and adaptation as mechanisms underlying forward
integrated with the signdhs in the temporal-window model masking.
to produce masking, or whethés in the adaptation model
it is assumed that the integration window can be optimallyc. Accounting for temporal integration in
shaped and positioned by the auditory system so that ngimultaneous masking with the temporal-window
masker energy is integrated with the signal. model and the adaptation model

In th's. model_, the_stlmull were first pa_ssed thr_ough the The previous two sections showed that both integration
same static nonlinearity that was used with the final, most

’ ) and adaptation models could account reasonably well for the
successful, temporal-window model: for levels at and below : .
o . ; data from the present study, given sufficient free parameters.
35 dB SPL the stimuli were passed linearly; for levels above . o I
S : At this point it is worth considering whether the two mecha-
35 dB SPL the stimuli were compressed using a power-law .

nonlinearity with a slope of 0.25 in dB coordinatés., 4:1 nisms could ever be distinguished, or whether they are in

. . . some way mathematically equivalent. In the adaptation
compression As in the temporal-window model, the output . . .

. . : . . . model, a rectangular integration window was used. At levels
of the nonlinearity was squared to provide units of intensity.

Following this, the stimuli were multiplied by the gain func- above 35 dB SPL, the 4:1 compression of the nonlinearity

tion over the duration of the signal, to produce an “adapted”WOU|d result in an integration slope four times steeper than at

representation of the signal. At threshold, the integral of thlslow Ie\{els for a long integration windowPenner, 1973

: . _which is much more than actually measured. This “over-
adapted representation should be constant for all combina- L ) .
. . . . . integration” is offset by the effects of adaptation, which at-
tions of signal duration and masker-signal interval.

A number of mathematical functions were tried in at- tenuate early portions of the signal in much the same way

. . : . : hat a temporal window would. In this way, the effect of
tempting to describe the adaptation gain function. The mos n :

. . adaptation in forward masking can be thought of as a tem-
successful of these was a third-order polynomial. The values

of the polynomial’s four coefficients were fitted using a mul- poral weighting function and a trade can be established be-

- . Lo . . . tween the recovery from adaptatiézero in the case of the
tidimensional minimization routine, incorporating all the

mean data from the experiment. The best-fitting equation iéemporal-wmdow modgland the attenuation due to the tem-

given below, where(t) is the gain at time in ms following poral weighting functior(zero in the case of the rectangular-
masker offs:'-zt' window adaptation modgl

This apparent equivalence of adaptation and integration
G(t)=2.83x 10 8t3+2.29x 10 5t? only holds in the presence of a forward masker. In the ab-
_5 _3 sence of recovery from adaptation, the two models become
+1.96<10""t+2.5<10" . ©) different, with the temporal-window model retaining the
The threshold output was set by integrating the 2-ms signadame weighting function and the adaptation model changing
at a level corresponding to threshold in qui2.9 dB SPL. its effective weighting functiorito become rectangular in the
Using this function, which is plotted in Fig. 5, the fit to the present modeél To illustrate this point, data were taken from
data was very good. The sum of squared errors was 68.3, study of temporal integration in simultaneous masking
which is comparable to the error of 50.7 from the best-fitting(Oxenhamet al, 1997. The signal was a 6-kHz sinusoid,
temporal window using the same number of free parametergiated with 1-ms ramps and the masker was a broadband
The pattern of predictions was also very similar to the dataGaussian noise at a spectrum level of 20 @& 20 uPa.

10log[G(t)]
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75 y SR N y ] D. Why ignore adaptation?

70 E . ¢ Data E The emphasis so far has been on distinguishing between
- . — Integration model | ] integration (or persistenceand adaptation on an either/or
g 65 [ . - - Adaptation model | basis. Clgarly, |t.|s not currently possible t.o rule out some
= ] complex interaction between both mechanisms. Also, given
123 60 g 3 that adaptation is clearly observable at the level of the audi-
@ [ ] tory nerve, it may seem perverse to ignore it completely. On
§ 55 3 E the other hand, it may be that adaptation acts somewhat like
g - ] an automatic gain control, which equally affects the response
] 50 L ~ E to stimuli and the spontaneous rate, or noise floor. If this is
L ] so, the net effect of adaptation on forward masking may
45 : . e . 7 approach zero. Some support for this view can be found in
1 5 10 40 the work of Relkin and Turnef1988. They argued that,
Signal duration (ms) because spontaneous neural firing, as well as the response to

the signal, is reduced by a forward masker, the physiological
from Oxenhanet al. (1997 (circles together with the predictions from the ef.heasure of forward masking ShOUId not simply be the.red.uc-
temporal-window model(solid curve$ and the adaptation modétlashed tion in the response to the S|gnal, but rather the discrim-
curves. inability of the response to the signal from the response to no
signal. When they did this, they found many auditory nerve
fibers that exhibited little or no forward masking. These ar-
This masker level was chosen here as the threshold leve@iments and findings can be interpreted as support for an
most closely match the levels found for short masker-signafpproach that ignores the effects of neural adaptation in the
offset intervals in the present study. Data, representing thBeriphery.
mean of four normal-hearing listeners, are shown in Fig. 6
for signal durations from 2 to 20 ms; see Oxenhatral.
(1997 for further details. Both the temporal-window and the
adaptation models were used to simulate the data. For the While the temporal-window model has proved useful,
adaptation model, it was assumed that recovery from ada‘ja_speually. in its ability to elucidate the role pf penpheral_
tation plays no role in simultaneous masking, and so only th&°mpression, there are many aspects of it which are unsatis-
rectangular weighting functiof20-ms duration was used. factory. Fpr instance, the deuspp deIV|ce uses only one in-
The window shapes and the nonlinearity were kept as theftant in time, rather than combmmg |nforn?at'|on over time
were for the forward-masking data—the only free paramete Qxenham a_nd Moore, 1994it ignores statistical ﬂl.JCtua'
was the threshold signal-to-masker ratio. The predictions ofons, taking into account only average POWer, and_ It cannot
the temporal-window model and the adaptation model arénake use of any fme-strugtu_re cues. The wmdow_ itself pro-
shown as a solid curve and dashed curve, respectively. vides a rea_sonable description of forward masking, decre-
It can be seen that the temporal-window model providesment d.etect|or(_0xenham and Moore, 1994anq ;hort-term
signal integration(Oxenhamet al,, 1997, but it is not ca-

a better description of the simultaneous-masking data thanable of describing modulation detectiéau et al, 1997

does the adaptation model, which predicts too much |ntegr§r of capturing the asymmetry between increment and dec-

tion. The difference in thresholds between the 2-ms an ement detectionOxenham, 1997 Perhaps it could be
20-ms signal is .14'8 dB, compared with 14.4 dB.predlcted b3(/iewed as the low-pass filter in a bank of modulation filters
the temporal-window model and 20.4 dB predicted by the(Dau et al, 1997.

adaptation model. Thus the adaptation model overestimates | jike the model proposed by Dat al. (1996a,199Y,

the amount of temporal integration between 2 and 20 ms by, et of parameters have so far been proposed which can
almost 6 dB. This suggests that, while both models can progqyide a reasonable fit to a wide variety of data. Indeed, the
vide a reasonable account of signal integration in forwarcyfienad hocalteration of window shape for specific data sets
masking, the temporal-window model produces predictionchémaraet al, 1996; Carlyon and Datta, 1997ncluding
that are more consistent with both simultaneous and forwarghe ones presented here, suggests that no such set may be
masking. In other words, the assumption of time invariancepossible. Nevertheless, the simplicity of the model, in terms
inherent in the temporal-window approach, seems to be jusf hoth its assumptions and implementation, make it a useful
tified. tool for testing other hypotheses, such as the one addressed
The support for the temporal-window approach relies onin the present study. While the data presented here and else-
the assumption that the integration window shape remainghere support the idea of linear temporal integration follow-
the same for both simultaneous and nonsimultaneous maskxg peripheral nonlinearity, many other peripheral and cen-
ing. If one is prepared to allow the window shape to varytral factors, which are not currently captured by the
between these two conditions, then the adaptation modeémporal-window model, may also play a role.
could be altered to bring it into line with the simultaneous- Another inconsistency between the temporal-window
masking data also. At present it appears more parsimoniounodel predictions and the data is that the model does not
to assume that the window shape remains constant. predict elevated signal thresholds at the onset of a long

FIG. 6. Signal integration in the presence of a simultaneous masker, tak

E. Limitations of the models
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masker, relative to thresholds in the temporal center. Thiscribed as a persistence in neural activity than as neural ad-
effect is known as oversho¢Zwicker, 1965. Interestingly, aptation. However, the weight of evidence is at present still
the effect requires a relatively wide-band or off-frequencynot overwhelming.

masker with a narrow-band, high-frequency signal. This sug-

gests that the effect will never be cgpture_d satisfactorily WithACKNOWLEDGMENTS

a single-channel model, at least with a linear filter. In con-

trast, the temporal-window model predicts “undershoot,” This work was supported mainly by NIH/NIDCD Grant
i.e., that thresholds at the onset of a masker will be someNo. RO1 DC 03909. The data were collected while the author
what lower than thresholds in the temporal center. It is poswas a Wellcome Trust Research Fellg@rant No. 0044215/
sible that the mechanism responsible for overshoot produce&95/2) at the Institute for Perception ReseaftihO), Eind-

an effect that is sufficiently large to counteract the underhoven, The Netherlands. | thank Neal Viemeister for helpful
shoot that would otherwise be observed. However, providingxchanges on the modeling of adaptation. Comments by
a quantitative account of overshoot will be challenging, asChris Plack and two anonymous reviewers resulted in a sub-
individual differences can be very largBacon and Liu, sStantial improvement of this paper.

2000.

The adaptation model presented here is simplgghhoc ~ *An error in Table | of Oxenham and Moord994 gives the value of
construction designed to test the feasibility of an adaptationtC09t) for the AG exponential, instead of 20 lag), all other entries in
mechanism in princpl. I i therefore unilkely that ftwould (LIS % friet T oree voue s i e b e sy of
be useful in its current form as a more general model ofyajue. The correct value, which was used here; & and not-16 dB, or
auditory processing. 0.025 in linear units.

Alterations in either model may change the predictions
in many ways. The apparently poorer fits of the adaptationcantara, J. 1., Holube, 1., and Moore, B. C.(1996. “Effects of phase
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variability were mgde. While the present resultsf lean in favoP ?gloa ?i‘ves'oﬁéé?sgz tv%g_:gr:eer}frvegrd “ﬁ;s'ﬁzIrgflogscoojs?esgga;ﬂ g :’ d
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