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Modeling auditory processing of amplitude modulation. II.
Spectral and temporal integration®
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D-26111 Oldenburg, Germany
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(Received 28 June 1996; accepted for publication 4 August)1997

A multi-channel model, describing the effects of spectral and temporal integration in
amplitude-modulation detection for a stochastic noise carrier, is proposed and validated. The model
is based on the modulation filterbank concept which was established in the accompanying paper
[Dauet al, J. Acoust. Soc. AmL02, 2892—-29051997 ] for modulation perception in narrow-band
conditions(single-channel modglTo integrate information across frequency, the detection process
of the model linearly combines the channel outputs. To integrate information across time, a kind of
“multiple-look” strategy, is realized within the detection stage of the model. Both data from the
literature and new data are used to validate the model. The model predictions agree with the results
of Eddins[J. Acoust. Soc. Am93, 470-479%1993] that the “time constants” associated with the
temporal modulation transfer functiof8MTF) derived for narrow-band stimuli do not vary with
carrier frequency region and that they decrease monotonically with increasing stimulus bandwidth.
The model is able to predict masking patterns in the modulation-frequency domain, as observed
experimentally by Houtgas$f. Acoust. Soc. Am85, 1676—16801989]. The model also accounts

for the finding by Sheft and YosfJ. Acoust. Soc. Am88, 796—805(1990] that the long
“effective” integration time constants derived from the data are two orders of magnitude larger than
the time constants derived from the cutoff frequency of the TMTF. Finally, the temporal-summation
properties of the model allow the prediction of data in a specific temporal paradigm used earlier by
Viemeister and Wakefiel@lJ. Acoust. Soc. Am90, 858—865(1991)]. The combination of the
modulation filterbank concept and the optimal decision algorithm proposed here appears to present
a powerful strategy for describing modulation-detection phenomena in harrow-band and broadband
conditions. © 1997 Acoustical Society of America.

[S0001-496607)05711-]

PACS numbers: 43.66.Ba, 43.66.Dc, 43.66.NKH]

INTRODUCTION analysis depends on center frequency. In this vein, some au-
thors have postulated that the TMTF of a broadband noise is
One of the most interesting and fundamental questiongctyally determined by the information in thighestcritical
in psychophysical research is how the auditory systenhang excited by the stimulug.g., Maiwald, 1967a, b; Van
“trades” spectral and temporal resolution. One problem inzgnten. 198D Eddins(1993 examined spectral integration
this field is the question of how peripheral filtering affects amplitude-modulation detection, independently varying
the ability to detect modulation. It is often postulated thatstjmyulus bandwidth and spectral region. He found that the
peripheral filtering does not limit the ability to detect modu- ¢,ioff frequency of the TMTF does not depend on carrier
lation and that in “temporal resolution” tasks such as modu-frequency region, but increases significantly with increasing
lation detection the observer broadens his “effective” band-carrier bandwidth. As recently pointed out by Strickland and
width (e.g., Viemeister, 1979; Berg, 1996With such an  \jiemeister(1997), this latter observation might be an artifact

assumption, the experimental data can be simulated by g the stimulus generation, which included a rectangular
model using a “predetection” filter as broad as several criti-pandlimitation after modulation of the carrier.

cal bandwidths to account for some kind of peripheral filter- In Dau (1996 and Dauet al. (1997, experiments on

ing (Viemeister, 1979 If, in contrast, peripheral filtering in  5mpjitude-modulation  detection were described using
terms of critical bands has any influence on modulation deparrow-band noise as the carrier at a high center frequéhcy
tection, the question arises how the applied modulationiz) By using these conditions, effects of any peripheral or
“predetection” filtering were minimized and, in addition,
Apart of this research was presented at the 131th meeting of the AcousticHe spectral region that was being used to detect the modu-
Society of Americg[T. Dau, B. Kollmeier and A. Kohlrausch, “A quan-  |ation was restricted to one critical band. A model of the
titative prediction of modulation masking with an optimal-detector : ; ; ; ; ; ;
model,” J. Acoust. Soc. Am99, 2565A) (1996]. effective ;lgngl processing in thg auditory system, including
bCorresponding author. Electronic mail:  torsten@medi.physik.uni-& Modulation f|lterba_nk1 was dpnved to anlalyze the temporal
oldenburg.de envelope of the stimuli. This model will be called the
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“modulation filterbank model” throughout this paper.

To get more insight into the processing of modulation,
several experiments are described here that investigate tr
effects of spectral integration in amplitude-modulation detec-
tion, examining in particular the transition between narrow-
band and broadband conditions. To test the capabilities o | halfwave rectification| = = | halfwave rectification
the modulation filterbank model in conditions of spectral in- lowpass filtering lowpass filtering
tegration, some critical experiments are performed and
model predictions are compared with data from the literature
(Eddins, 1993; Sheft and Yost, 1998nd the new experi-
mental data. To compare results from experiments and simu
lations with as close a similarity in the experimental details
as possible, the experiments by Edd{#893 and those by
Sheft and Yost1990 were replicated in our laboratory with
a slightly different threshold estimation procedure. W """ W

Another aspect of modulation perception is the phenom- 17777777 TTTTTTTTTTT]

basilar - membrane filtering

adaptation | * ° * * adaptation

enon of temporal integration in amplitude-modulation detec- [ internal LD internal |
tion. Temporal integration or temporal summation refers to  L™° 1. il I
the well-known fact that over a range of durations thresholds LLLLREL ) - LU
decrease with increasing signal duration. Several model:
have been suggested in the literature to describe this phe
nomenon. However, differences in the modeling strategies
occur that reflect the “resolution-integration conflicftde ) ) -

Boer, 1985. In the case of temporal integration in modula- i - 202t FeRE T P PRt P et e oon device, The

tion detection, Sheft and Yo$1990 found that time con-  signals are preprocessed, subjected to adaptation, filtered by a modulation
stants associated with temporal integration are much largditerbank and finally added to internal noise; this processing transforms the

than those indicated by the “resolution data.” The presengignals into their “internal representations.”
study examines the ability of the modulation filterbank

model_to account for these long effective time Cc’nSta‘msperipheral bandpass characteristics of the basilar membrane,
found in the data. . ... the gammatone filterbank of Pattersenal. (1987 is used.

,,AS bef_ore, both our own experimental dat_a from “criti- The filters overlap at the- 3-dB points of their transfer func-
cal experlments as well as data from the Ilteraturelweretions_ The summation of all filter transfer functions would
cqmpared with model predictions. It should be emphasized ar%sult in a flat transfer characteristic across frequency. The
this po!nt that the same pgrameter setwas used for all modg imulus at the output of each peripheral filter is half-wave
predwtlons throug.hout this paper. T.hes? parameters and Vectified and low-pass filtered at 1 kHz. This stage essentially
partlcular_ the scaling of thg modulation filters were also thepreserves the envelope of the signal for high center frequen-
Same as in the accompanying pa@auet al, 199?’ where_ cies. Effects of adaptation are simulated by nonlinear adap-
the f|Iter_bank para_meters were adjusted to predict amplltgd?ation circuits(Pischel, 1988; Daet al, 1996a. The param-
modulayon-detectlon thresholds for narrow-band noise,iq < for these circuits were the same as in Beall. (19964,
carriers. b). The adapted signal is further analyzed by a linear modu-
lation filterbank. The parameters of the modulation filters
I. MULTI-CHANNEL MODEL agree with those in Daet al. (1997 and we refer to that

All simulations discussed here were performed on thepaper for a detailed description. It is assumed within the
basis of the modulation filterbank model that was initially present study that these parameters do not vary across fre-
developed as a single-channel model, as described in Daguency, i.e., the same modulation filterbank is applied to
et al. (1997. Figure 1 shows the structure of the multi- analyze the signal’'s envelope at the output of each critical
channel model which was extended from the single-channddand. Limitations of resolution are simulated by adding in-
model by performing the modulation analysis in parallel onternal noise with a constant variance to each modulation fil-
the output of each stimulated peripheral auditory filter. Thister output. The decision device is realized as an optimal de-
is motivated in part by results from physiological studies oftector in the same way as described in Detwal. (19964,
the representation of amplitude modulation within the infe-1997. Within the multi-channel model, the internal repre-
rior colliculus (IC) of the cat, where it was found that modu- sentation of the stimuli has four dimensions, namely ampli-
lation frequencies are represented in a systematic way otude, time, modulation center frequenéys before in the
thogonally to the tonotopical organization of the IC single-channel modgland (audig center frequency as the
(Schreiner and Langner, 1988 additional axis. In the simulations the internal representa-

The model contains the same stages of signal processirtgpns of the different peripheral channels are appended one
along the auditory pathway as proposed in the single-channelfter another in one large array. The decision process works
model. The main features are described briefly here; for furexactly in the same way as described in the single-channel
ther details see Daet al. (1996a, 199Y. To simulate the analysis, with the extension that all auditory filters with cen-

optimal detector
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FIG. 2. Modulation-detection thresholds of a 5-Hz modulation as a function of the carrier bandwidth. Open symbols indicate measured data of three subjects
(same in the left and the right paneSimulated thresholds with the single-channel model are represented in the left panel by the filled circles. Simulated
thresholds with the multi-channel model are shown in the right pdifiel circles. The filled box represents the simulated thresholdXfér 10 kHz, where

the modulation analysis was performed using the highest critical band excited by the stimulus. Center frequency: 5 kHz; Carrier and modulation duration: 500
ms. Level: 65 dB SPL. Subjects: J{71); TD (O); PD (¢ ); optimal detecto(@®,H).

ter frequencies within the spectral range of the stimulus weréor bandwidths within and beyond one critical band. In the
included in the analysis. Decisions were then based on thaccompanying study by Daet al. (1977 only carrier band-
cross correlation between tkf@ur-dimensionalactual inter-  widths smaller than a critical band were applied and in the
nal representation of the stimulus and the normalized sueorresponding simulations the modulation analysis was per-
prathresholdfour-dimensional template representation. Us- formed only in one peripheral channel. The present experi-
ing such a model, a prediction of the average subject'snent was designed to illustrate the limitations of the “single-
performance is possible on a trial-by-trial basis. Simulationghannel” model in conditions of spectral integration in
of the experimental runs can thus be performed by implemodulation detection, and to show the necessity of the ex-

menting on the computer the same threshold estimating praention of the model towards a “multi-channel” model.
cedures within the model as those being used in the experi- A noise carrier centered at 5 kHz was sinusoidally

ments with human observers. modulated with a modulation rate of 5 Hz. Modulation depth
at threshold was measured as a function of the carrier band-
1. METHOD width, which had one of the following values: 10, 25, 50,

Modulation thresholds were measured and simulated usl—oo' 250, 500, 1000, 1500, 2500, 5000, or 10 000 Hz. The

ing an adaptive 3-interval forced-choi¢8IFC) procedure. duration of the carrier and the modulation was 500 ms in-

The experimental procedure and stimulus generation Wer(éIUdmg 50-ms cosine-squared rise and decay ramps. The

the same as described in the accompanying pdpsuet al., bandwidths cover the range from less than the critical band-

1997). Also, the same five subjects participated in this study.Width at 5 kHz to much greater than the critical bandwidth.

Several experiments on modulation detection were per] € €ft panel of Fig. 2 shows the experimental results of

formed. The subject’s task was to detect a sinusoidal tedfI'é€ subjectéopen symbols The ordinate indicates modu-
modulation of a Gaussian noise carrier. The test modulatiofftion depth at threshold and the abscissa shows the carrier
was applied with zero onset phase. Unless explicitly stated, _gandW|dth: Threshplds decrea;e monotonically w!th increas-
carrier level of 65 dB SPL was used. During the experimentd"d bandwidth. This decrease is due to changes in the spec-
with a noise carrier, an independent sample of the noise wa§um of the inherent fluctuations, which, for low modulation
presented in each interval. Filtering of the noise stimuli wadrequencies, decreases with increasing bandwidth of the car-
done in the frequency domain by Fourier transforming thefier (Lawson and Uhlenbeck, 1950; see Deial, 1997. As
whole noise waveform, setting the respective frequency® consequence, less energy of the random envelope fluctua-
samples to zero, and transforming the signal back into th&ons of the carrier leaks into the transfer range of the modu-
time domain. Unless stated otherwise, the filtering was aplation filters near the test modulation frequency. In the
plied prior to modulation. The rms level of the modulated model, this leads to decreasing thresholds with increasing
signal was always equated to the rms level employed in théarrier bandwidth. Simulated thresholds obtained with the

unmodulated trials. single-channel model as described in Detwal. (1997 are
plotted in the left panel of Fig. Zfilled symbols. In this
IIl. RESULTS single-channel simulation, the modulation analysis was car-

ried out using the peripheral filter tuned to 5 kHz. In condi-
tions with carrier bandwidtha f <1000 Hz, simulated and
measured data are in good agreement. For bandwiiths

In the first experiment, the effect of carrier bandwidth on=1000 Hz, however, systematic differences between simu-
the detectability of a certain signal modulation was examinedations and experimental data occur, which increase with in-

A. Modulation analysis within and beyond one critical
band
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FIG. 3. Modulation-detection thresholds for one subj8) as a function of modulation frequency with upper cutoff frequency as the parameter. Each panel
represents a different bandwidth condition: upper left: 200 Hz, upper right: 400 Hz, lower left: 800 Hz, lower right: 1600 Hz. The upper cutoff frequency is
either 4400 HZ A); 2200 Hz(<); or 600 Hz(O).

creasing bandwidth. For the bandwiditi =10 kHz, for ex-  detection were studied in the same way as by Eddif83.
ample, the difference between the experimental results andodulation thresholds for narrow-band noise carriers were
simulations amounts to more than 5 dB. Of course, this dismeasured as a function of modulation frequency for the fol-
crepancy is expected, since the simulations were carried oltwing conditions: The stimulus bandwidth was either 200,
using only the information about the signal modulation avail-400, 800, or 1600 Hz and the frequency region was varied by
able at the output of one peripheral filter. The filled box inadjusting the high-frequency cutoff of the noise to be either
the left panel of Fig. 2 represents the simulated threshold fo600, 2200, or 4400 Hz. The purpose was to determine
a carrier bandwidth of 10 kHz, where the modulation analy-TMTFs by independentlyarying stimulus bandwidth and
sis was performed using the highest critical band excited bytimulus frequency to determine the influence of these pa-
the stimulus. Even in this “optimized” single-channel simu- rameters on modulation detection. As in Eddia893, the
lation, there remains a discrepancy of nearly 5 dB betweefodulated stimuli were generated by bandpass filtesitey
the simulated and the measured threshold. This does not sugmpjitude modulation of wide-band noise to avoid the pos-
port the hypothesis by Maiwa_ldl%?a, b and Van Zanten  gjpility that the detection of modulation would be based on
(1980 that sufficient information about the signal modula- gpeciral cues in the signal interval rather than changes in the
tion is available in the highest excited frequency region a”%mporal waveform. In this way, the bandwidth of the
that the detection strategy of the subject is to monitor the,,.ro\y.hand stimuli was the same in the presence or absence
“internal” f_||ters in this hlgh—frequency regiof. The right . of modulation. In addition, the stimuli were adjusted to have
panel of Fig. 2 shows the simulated data from the mUItI'equal energy in each interval of the forced-choice trial to
: L ) %revent detection of modulation based on overall level rather
already shown in the left panel. By combining information .

tpan on the presence or absence of modulation.

from all exci ripheral channels, the model can n ) .
om all excited peripheral channels, the model can accou Figures 3 and 4 show the experimental data of two sub-

for the continuing decrease in thresholds over the whole . o .
range of carrier bandwidths. jects for several stimulus conditions. Modulation depthat

threshold is plotted as a function of modulation frequency.
The transfer functions reflect a bandpass characteristic that is
similar to data from previous studiegkodenburg, 1972,

In the next experiment, effects of absolute bandwidth1977; Viemeister, 1977, 1979; Formby and Muir, 198the
and frequency region on spectral integration in modulatiordata are in very good agreement with the results of Eddins,

B. Effects of bandwidth and frequency region

2909 J. Acoust. Soc. Am., Vol. 102, No. 5, Pt. 1, November 1997 Dau et al.: Spectral and temporal integration 2909



o T T a .
3 . Af =200 Hz
g -
S
o -10 - -
L)
o
E 15} Upper cutoff _| 4
‘,i O 600Hz
g 20t O 2200Hz A .
S A 4400 Hz
25 ¢ ! . il ] N
10 100
— LS | v A 7 - L v R ' Ju
B 0 0
= Af=800Hz
E
£
o,
U
-
g
=
=
E!
o
&
Z a5t ud el N 2 M| N
10 100 10 100
Modulation frequency [(Hz] Modulation frequency [Hz]

FIG. 4. Same as Fig. 3 for subject TD.

in spite of slight differences in the threshold estimation pro-slope of the simulated TMTF between the penultimate and
cedure between both studies. Increasing stimulus bandwidtime last modulation frequency is steeper than in case of other
results in a corresponding increase in sensitivity to modulaeutoffs at these bandwidths. The same tendency is seen in
tion. This systematic increase is seen for each of the thremost of the corresponding experimental conditions, e.g., in
cutoff frequencies tested. Eddins fitted his data—for eaclirig. 3 for 800 Hz and in Fig. 4 for 400 and 800 Hz.
subject and condition—uwith the transfer function of a simple Within the model the “low-frequency” and the “high-
low-pass filter and derived the time constant associated witfrequency” conditions require quite different decision strat-
the — 3-dB cutoff frequency of the specific transfer function. egies to determine the detection threshold. Consider, for ex-
Two interpretations emerged from his analysis: First, theample, the bandwidth oA f=400 Hz and the upper cutoff
time constants associated with the TMTFs do not vary withfrequencies of 600 and 4400 Hz, representing the low-
changing frequency region. Eddit$993 concluded from frequency and the high-frequency conditions, respectively.
the data that temporal acuity is independent of frequencyn the low-frequency condition, the modulation analysis is
region, assuming that temporal acuity and derived time conperformed in parallel in several peripheral filters. In the high-
stants from the data are directly related. Second, the tim&equency condition, the modulation analysis is carried out in
constants associated with TMTFs decrease monotonicallgnly one peripheral channel because of the poor spectral
with increasing stimulus bandwidth. resolution of the auditory system at high frequencies. The
Figure 5 shows the corresponding model predictions obresults of the simulations in the modulation detection task are
tained with the modulation filterbank model. Modulation the same for both conditiorexcept for the highest modula-
depth at threshold is plotted as a function of modulationtion frequency, indicating that, apparently, the poor tempo-
frequency. Modulation analysis was performed using thoseal resolution in the low-frequency condition is somehow
peripheral channels with center frequencies within the speczompensated for by the greater number of “observations”
tral width of the noise carrier. The shape of the simulatedacross frequency compared to the high-frequency condition.
threshold patterns agrees well with the corresponding dat&his compensation will break down at high modulation fre-
but there is a constant absolute deviation of 2—5 dB betweequencies, because these will be strongly attenuated, if many
model predictions and individual experimental data. That isnarrow auditory filters cover the carrier spectrum. In this
the form of the simulated TMTF does not depend on thecase, a second limitation for detecting modulation comes into
frequency region of the stimuli but depends on the stimuluplay, namely theabsolute thresholdor modulation detec-
bandwidth. In some—extreme—conditions, e.g., faf tion. Such a threshold was introduced within the present
=400 Hz at the upper cutoff frequency of 600 Hz and formodel by the addition ointernal noise to the output of each
Af=800 Hz at the upper cutoff frequency of 2200 Hz, themodulation filter. For a sinusoidal carrier this internal noise

2910 J. Acoust. Soc. Am., Vol. 102, No. 5, Pt. 1, November 1997 Dau et al.: Spectral and temporal integration 2910
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FIG. 5. Simulated modulation-detection thresholds as a function of modulation frequency for the same conditions as in Figs. 3 and 4. Thresholds are indicated
by filled symbols.

results in a threshold of detectability for a low-frequency of these observations will depend on the correlation between
amplitude modulation of about 27 dB. If, in the case of a the carrier waveforms in these channels. The correlation de-
noise carrier, the imposed modulation is strongly attenuategends in turn on the shape and spacing of the filters. In a first
within one or more peripheral filters, the detectability of thesimulation, we implemented nonoverlapping rectangular fil-
modulation is not determined solely by the inherent statisticsers in the model instead of filters with a Roex shape. In this
of the noise carrier but is also determined by the internakijtuation, the carrier waveforms in the various filters are
noise. As a consequence, in such a condition, some of theompletely independent. This condition results in a threshold
(low-frequency peripheral filters do not contribute to the decrease with 3 dB per doubling of the number of analyzed
information about the signal modulation leading to an in-fiiters, This is the same amount which will later be described
creased detection threshold. Therefore, in an “extreme”ang discussed in the context of temporal integratiee Sec.
condition as described above, namely in the case of the highy, g) | 4 similar simulation with Roex filters overlapping

est imposed modulation frequency in the lowest-freqUenCys i the present model, the gain was somewhat smaller and

region, the width of the peripheral filter has an influence On, wounted to about 2.5 dB per doubling of the number of
modulation detection. This influence is indeed seen in th '

del predicti din th : tal data f b?ilters (8-dB threshold change by going from one to nine
nmoot aeil pgﬁb;(e:(;'t)sns andinthe experimental data for some, Uft|lters). This result shows that the remaining correlation be-

tween adjacent Roex filters has a small, but “measurable”
effect on the threshold prediction.
C. Influence of filter shape and spacing on spectral In a second simulation, we compared predictions for a
integration single high-frequency filter with those for the combination of
In some additional simulations we investigated the influ-five adjacent Roex filters. These five filters either had a spac-
ence of filter shape and filter spacing on spectral integratiod"d as in the present modéharrow spacingor they were
These simulations were performed for a low modulation fre-Separated twice as mudtvide spacing In agreement with
quency of 8 Hz and involved high-frequency auditory chan-the previous simulation, the combination of narrower spaced
nels of a broadband running noise carrier. Thresholds arBlters resulted in a threshold 5.5 dB below the prediction for
based on 20 repeated estimates of the model. a single filter. In the wide-spaced condition, thresholds were
The gain resulting from the analysis of coherent modu-an additional 1.25 dB lower. Compared with the single-filter
lation in several filters is a consequence of combinjpar-  result, the combination of widely spaced Roex filters led to a
tially) independent observations. As long as external fluctua3-dB effect per doubling of the number of filters. We thus
tions are the limiting factor for detection, the independencecan conclude that by allowing some overlap between adja-

2911 J. Acoust. Soc. Am., Vol. 102, No. 5, Pt. 1, November 1997 Dau et al.: Spectral and temporal integration 2911
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FIG. 6. Modulation thresholds for a sinusoidal test modulation and a pink noise ranging from 1 to 4 kHz as carrier. The lower curve in both panels shows the
unmasked modulation detection thresholds as a function of modulation frequency. Each of the three peaked curves show the masked-modulation threshold
pattern for one of thé—octave—wide masker-modulation bands centered at #¥)z8 Hz (<), or 16 Hz(V). The left panel shows data from Houtgék989.

The right panel shows predictions with the multi-channel model.

cent filters, the observations in these filters are not statistief three 3-octave-wide bands of noise as the modulation
cally independent. By using a wider spacing, the informatiormasker. The carrier noise was multiplied both with the
gain from combining a certain number of filters is larger. masker and the target modulator waveform. Center frequen-
However, with a wider spacing, the number of filters thatcies for the masker modulation were 4, 8, or 16 Hz. The left
could be placed within aiven spectral range would de- panel of Fig. 6 shows the resulting masking patterns from
crease. This decrease in the number of observations woutflat study. The three curves show a peaked characteristic:
affect thresholds more strongly than the gain from the statisThe amount of masking decreases for increasing frequency
tical independence, so that the spacing used in the presegifference between test modulation and masker modulation.
model makes better use of the available information than a’he |ower curve in the ﬁgure ShOWS the unmasked modu|a_
wider spacing would. tion detection threshold level as a function of modulation

_Finally, we checked whether an even narrower spacingrequency. For details about the experimental setup, stimuli
of filters would change the model predictions. This was dong,nq procedure, see Houtg#$089.

for one of the conditions from Eddind993 described in the The right panel of Fig. 6 shows results from simulations
previous section. The carrier was a bandlimited noise rangspiained with the multi-channel version of the modulation

ing from 2800 to 4400 Hz._ln the firs_t simulation, m_odulation_ filterbank model. Instead of using notched noise surrounding
analysis was performed with Roex filters overlapping at their, carrier, we forced the model to only analyze auditory

—3-dB points. In a second simulation, t_he spectrgl denslt3filters with center frequencies between 1 and 4 kHz, which
and thus the total number of analyzed filters was mcreasci’ghould have the same effect with respect to off-frequency
b?/ezi:;f)tr?r of 3. Both simulations led to the same threshol istening. The simulated thresholds for the unmasked condi-
P n sur.nmar the additional simulations show that thetion are systematically lower than the experimental data from

Y, ) , Houtgast. This might be caused by the different presentation
chosen overlap between adjacent filters allows a close to op-

timal detection of modulation imposed on a broadband noisé)f the masker and by differences in the applied threshold

carrier with a minimal computational loale., the smallest estimation procedure. Besides this systematic difference of
number of analyzed auditory channels about 2—5_ dB, both the unmasked threshqlds and the masked
threshold in both panels agree very well with each other. The
simulated masked patterns show the same peaked character-
D. Predictions for modulation masking using istic, with less masking for increasing frequency difference
broadband noise carriers between test and masker modulation.

Houtgast(1989 adopted a classical masking paradigm  An additional observation can be made from the un-
for investigating frequency selectivity in the modulation- Masked modulation threshold data in Fig. 6. The difference
frequency domain: the detectability of test modulation in thebetween the experimental thresholds at 4 and 64 Hz amounts
presence of masker modulation, as a function of the spectr® about 11 dB. This is much more than observed in corre-
difference between test and masker modulation. sponding measurements with a white-noise cargérFigs.

The carrier in all his experiments was a pink noise with3 and 4 in Sec. lll B. Interestingly, a similar difference be-

a spectrum level in the 1-kHz region of about 25 dB SPL.tween white and pink noise is also observed in simulations.
After applying the modulation, the carrier was bandpass fillWhen the experimental condition of Houtgast is simulated
tered between 1 and 4 kHz and added to unmodulated pinkith a white-noise carrier, thresholds at 4-Hz modulation are
noise with a complementafpandstopspectrum. The mask- the same as for pink noise. The increase between 4 and 64
ing patterngof the first experimentwere obtained for each Hz is, however, smaller for white noise and amounts to about
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FIG. 7. 8-Hz modulation-detection thresholds as a function of the relative masker-modulation level with the masker-modulation band centered at 8 Hz. Left

panel: data from Houtgasi989. Right panel: corresponding predictions of the modulation filterbank model. The dashed lines represent the unmasked
detection threshold of the test modulation.

7 dB. At present there is no simple explanation for this in-and model predictions obtained with the present modght
fluence of the masker’s spectral shape on the TMTF. pane).

As in the study of Houtgastl989, the effect of a re- Houtgast(1989 found that for small bandwidths, the
duction of the masker-modulation level was investigated formodulation thresholds increased by 3 dB for each doubling
one of the conditions from Fig. @he 8-Hz modulation fre- of the masker-modulation bandwidth, whereas for large
quency for the noise band centered at 8.Hehe masker- bandwidths, the threshold remained constant. He proposed
modulation level used to obtain the middle threshold func-that the modulation-detection threshold is associated with a
tion in Fig. 6 was reduced by 5 and 10 dB, respectively. Theconstant signal-to-noise ratio within a filter centered on the
effect on the model prediction is shown in Fig.(dght test-modulation frequency. To a first approximation, indi-
pane). The reduction of the threshold level amounts to 9 dBcated by the two straight lines in the left panel of Fig. 8, he
and is slightly smaller than the reduction of the masker-suggested a width of the modulation filter bf1 oct®
modulation level(10 dB) and 2 dB smaller than the effect In the present model, the modulation filter centered at 8
observed in the data by Houtgd4tl dB). Hz has a bandwidth of 5 Hz. This bandwidth lies exactly in

To further test the ability of the modulation filterbank the range of—1 octave that was suggested by Houtgast. The
model to account for modulation masking data, the effect oimodel predicts an increase in threshold of about 6 dB be-
varying the bandwidth of the modulation masker was investween 3 and 3 octave of modulation-masker bandwidth. For
tigated. Thresholds were obtained for a test modulation fremodulation-masker bandwidths larger thahat, it predicts
guency of 8 Hz for various values of the bandwidth of thean almost constant threshold. This is in agreement with the
masker modulation. The center frequency and the spectralata of Houtgast. Thus modulation masking is only effective
density within the passband were kept constant. Figure &ithin a “critical” band around the test-modulation fre-
shows results from the study of Houtg&$089 (left pane}  quency.
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FIG. 8. 8-Hz modulation-detection thresholds as a function of the bandwidth of the masker-modulation noise centered at 8 Hz. Left panel: data from Houtgast
(1989. Right panel: corresponding predictions of the modulation filterbank model.
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The results from these simulations support the hypothresents modulation frequency. The simulated threshold pat-
esis that the envelope fluctuations of the stimuli are protern is in very good agreement with the pattern found in the
cessed by modulation-frequency selective channels. measured data. It shows increased thresholds for the two
lowest modulation frequencies, 2.5 and 5 Hz, leading to a
bandpass characteristic of the threshold function for the two
greatest durations of 200 and 400 ms. This is caused by the

Thresholds for detecting sinusoidal amplitude modula-dynamic properties of the adaption mod@lischel, 1988;
tion of a wide-band noise carriglow-pass filtered at 6 kHz  Dau et al, 1996a. The feedback loops of the adaptation
were measured and simulated as a function of the duration @fiodel produce a considerable overshoot at the carrier onset
the modulating signal. The experimental design was chosethat decreases the detectability of the signal modulation es-
according to the study of Sheft and Ya$890. The carrier  pecially at very low modulation ratésee discussion in Vie-
was gated with a duration that exceeded the duration ofneister, 1979; Sheft and Yost, 1990
modulation by the combined stimulus rise and fall times.  The time constants derived from temporal integration
Stimuli were shaped by a 25.6-ms rise—fall time. The comper unit duration are in very good agreement with those
binations of modulation frequency and numbers of modulafound in the measured data. The model therefore accounts
tion cycles for each condition are listed in Table | in Sheftfor the long effective integration time constants whose val-
and Yost(1990. Because modulation was restricted to theues are much larger than the time constants indicated by the
constant-amplitude portion of the carrighus excluding the *“resolution data” (Sheft and Yost, 1990; Viemeister, 1979
rampg, stimulus duration was always 51.2 ms longer than
the modulation duration listed in the tab{see Sheft and IV. DISCUSSION

Yost, 1990. In this study the performance of the modulation filter-

Figure 9 shows the experimental data of two subjectspank model was described with respect to spectral and tem-
The modulation depth at threshold is plotted as a function of

the modulation frequency. The parameter is the modulatiol
duration. The data agree very well with those from Sheft anc
Yost(1990. The curves represent the “classical” broadband
TMTF often described in other studigg.g., Viemeister,
1979; Formby and Muir, 1988 The data show somewhat
increased thresholds for the two lowest modulation frequen
cies,foq=2.5 and 5 Hz. This is caused by the “gating” of
the carrier in this experiment in contrast to experiments
where the carrier was presented continuously, as discussed
previous studieqe.g., Viemeister, 1979; Sheft and Yost,
1990.* For modulation frequencies between 5 and 40 Hz,
the thresholds are roughly constant. They increase slightl 30 I L L 1 L ! R L
between 40 and 80 Hz and at a rate of approximately : 25 5 10 20 40 80 160 320 640
dB/octave for higher modulation frequencies. Modulation frequency [Hz]

Figure 10 shows the corresponding simulated threshold.
obtained with the modulation filterbank model. The ordinater|g. 10. simulated TMTFs obtained with the current model for the same
indicates modulation depth at threshold and the abscissa regenditions as in Fig. 9.

E. Temporal integration in modulation detection

Modulation depth m at threshold [dB]

2914 J. Acoust. Soc. Am., Vol. 102, No. 5, Pt. 1, November 1997 Dau et al.: Spectral and temporal integration 2914



poral integration in amplitude modulation detection. Severakpectral-masking conditions, as was shown in Verhey and
“critical” experiments were performed or taken from the Dau (1996.

literature and model predictions were compared with experi-  One of the main results of this study is that all the data
mental data. As an extension to the single-channel modelould be described in terms of masking phenomena in the
proposed in Datet al. (1997, in which the concept of the modulation-frequency domain. Analogous to the results de-
modulation filterbank was established and the parameters §tribed in Dauet al. (1997, thresholds are mainly deter-
the modulation filters were fitted to data for narrow-bandmined by the amount of thinherentmodulation power of
carriers, the modulation analysis was applied to broadbante specific noise carrier that falls into the transfer range of
conditions. In this multi-channel version of the model, thethe modulation filter tuned to the test modulation frequency.
temporal envelopes of the stimuli were processed by thé’he model can therefore account for the experimental find-
same modulation filterbank in parallel at the output of eacHNds Of Eddins that time constants derived from the TMTF

stimulated peripheral filter and the decision device combined© Not vary with changing frequency region and decrease
all filter outputs linearly. with increasing stimulus bandwidth. Note, however, that this

_ _ model does not support the notion of one resolution time
A. Spectral integration constant derivable from the data because the low-pass char-
In the modulation-detection conditions considered inacteristic in the modulation data for broadband noise is not

this study using stochastic noise carriers and signal modmé:_alusedﬂby a co.rres%oniing “Igyv—pass Weighlting” c()jffe;]st Zn'
tion, which is coherent across auditory filters, peripheral fil-V€'OP€ uctuations by the auditory system. Instead, the data

tering generally does not limit the ability to detect modula—f[ihre enﬁplglrlletcii |:_]Ererms 2f ther mtie:]actlr?g (:Ls“mu“ljif] pOV\;e:An

tion. This has been interpreted in some former studies as thee Mmoduiation-irequency region a € scaling of e
o . . . s modulation filter€ We want to add that, recently, Strickland

observers’ ability to increase their effective bandwidth in de- ) . . .

. : . ) and Viemeister(1997 have pointed out that the effective
tecting wideband signal§Green, 1960; Bos and de Boer, . . : . . o
1966: Schacknow and Raab, 197As already discussed b change of time constant with carrier bandwidth in Eddins
Vi D rer(197 Wth h’ e behind y ;\ u b'y experiment might be an artifact caused by the stimulus gen-
t'lemelsdetrrf ?’ efmec anism ehln §tuc acom mT ration procedure. They showed experimentally that without
lon an € stage of processing where it occurs areé Sti,q panglimitation after filtering the dependence of the time
unclear. It has been suggested in the literai@esen and

, i , i . constant on the carrier bandwidth is strongly reduced.
Swets, 196p that in detection experiments with multi-

component signals, combination probably occurs at a higlg Temporal integration

level: The observer can combine information nearly opti- ) .
mally from widely spaced critical bands. This model ap- The phenomenon of temporal integration refers to the

proach was adopted within the current study and may pdact that, over a range of durations, thresholds decrease with
denoted as an “auditory-filter-based approach.” In COntr(,is,[,increasi.ng sigpal duration. Seve'ral models have been sug-
in models for modulation-detection conditions, it has beerg®Stéd in the literature that describe the phenomenon of tem-

previously assumed that the combination of peripheral ﬁlte'poral_ Integration. _For e_Xamp'e’ o (jescrlbe_ the threshqld
outputs occurs at a very early stage of procesgifigmeis- function observed in typical test-tone integration data, an in-
ter, 1979: Berg, 1996 In this context, the model proposed tegration process is assumed that occurs over relatively long

by Viemeister(1979 that includes a wide predetection band- g?;s p.?.::gd;’ogf" rg];]tir;]ir?trger rcgascivie;r?:]:ir;irred rgglg&%ﬂ
pass filter Af=2000 Hz) followed by a nonlinearity and a : b bp 9y

low-pass filter, can account for modulation detection datamodel(Green, 1960; Green and Swets, 1pBwhich deci-

ing (broadbanii noi th ier. Thi del hsions are based on the power of the input integrated over a
using(oroadban n0|§‘e as the carrier. This mode flpproac fixed time period. Another class of models assumes a shorter
may be denoted as “predetection-filter approach.” For low

. . . . " integration time to account for temporal resolution, such as
modulation frequencies and broadband carriers, it is d'ff'cu%odulation detectiofViemeister, 1978 gap detectiorFor-

to discriminate between such a predetection-filter approacrbSt and Green, 1987and temporal aspects of nonsimulta-
and the auditory-filter-based approach. neous maskingMoore et al, 1988; Oxenham and Moore,

Furthermore, it is not possible to discriminate whetherjggs The discrepancy between these two modeling strate-
there is one “large” modulation filterbank behind the com- gies is often described as illustrating the “resolution-

bined outputs ofall peripheral channelscf. Yost etal.  jntegration” paradoxde Boer, 1985

1989 or, alternatively, whether there is a modulation filter- In recent studies, however, it has been argued that the
bank that separately analyzes the output of each peripherg|sparity between the integration and the resolution time
channel before the information is combined. An argument inconstants is not a real problefWwiemeister and Wakefield,
favor of the auditory-filter-based approach is that the band1991). They pointed out that the observation of a 3-dB de-
width of the predetection filter of the Viemeister model is crease in threshold for each doubling of duration—as seen in
larger than the critical band estimates for most of the auditypical test-tone integration data—means that the auditory
tory range. This latter approach therefore fails to describe theystem behavess if perfect power integration occurs but
data in an appropriate way for conditions in which spectrakhat the system is not necessarily performing the operation of
resolution of the auditory system plays any role. The presenthathematical integration. Therefore it might be important to
model gives a more general description of the processing alistinguish between the phenomenon of temporal integration
modulation in the auditory system and is also applicable tand the process that accounts for the phenomenon. Viemeis-

2915 J. Acoust. Soc. Am., Vol. 102, No. 5, Pt. 1, November 1997 Dau et al.: Spectral and temporal integration 2915



65 I . 6 |- .
ot - 6t :

63'[;7%]_ 03 -"
62 - :

62 . 4
59 I 1] 59 b | L
-b 0 6 -6 0 6

dB SPL
dB SPL

Increment [dB] Increment [dB]

FIG. 11. Thresholds of a pair of tones separated by 100 ms as a function of the relative level of the intervenitd. Ndm@eister and Wakefield, 1981

Thresholds for either the first or the second tone pulse alone are included for comparison. Squares: first pulse only; circles: second pulse only; triangles: pulse
pair. Pulsés): 10 ms, 1 kHz, presented during 10-ms gaps in a steady-state noise masker. During the 50-ms interval centered between the gaps, the noise level
was either incremented by 6 dB, decremented by 6 dB, or left unchanged. Noise level: 40-dB spectrimdasated at 1 kHzLeft panel: experimental

data from Viemeister and Wakefie({@991). Right panel: corresponding simulated thresholds on the basis of the present model.

ter and Wakefield1991) provided evidence that integration model, “looks” or samples from a short-time constant pro-
with a long time constant, such as proposed by the classicagess are stored in memory and can be processed ‘“selec-
models, does not occur in all situations of auditory processtively,” depending on the task. The short-time constant al-
ing. They showed that the threshold for a pair of short pulsetows the model, in principle, to account for temporal
yields classic power integration only for pulse separations ofesolution data. The combination of a short-time constant
less than 5—10 ms. For longer separations, the thresholds dahd selective processing allows the model to also account for
not change with separation and the pulses appeared to ltiee data from the pulse pair experiment described above. The
processed independentlgf. Zwislocki et al, 1962. In a  authors suggested that in temporal integration tasks, the long
second experiment, Viemeister and Wakefie{@991) effective time constants may result from the combination of
showed that the threshold for a pair of tone pulses was lowenformation from different looks, not from true long-term
than for a single pulse, indicating some type of integrationjntegration. However, there are some open questions with
but was not affected by level changes of the noise which wasegard to the multiple-look model proposed by Viemeister
presented between the two pulses. The experimental resulisid Wakefield(1991). A very basic question is concerned
from that study are plotted in the left panel of Fig. 11. It with what is meant by a “look.” The authors discuss the
shows the average thresholds for the first pulse alongquestion of whether a look may be considered as a sample
(squarey the second pulse alorfeircles, and for the pulse from the envelopelike waveform from the short temporal
pair (triangles as a function of the relative level of the in- window that defines a look. But what is the shape of such a
tervening noise. The thresholds for the first pulse alone davindow? What about the correlation between successive
not depend on the noise level. There is a slight increase ilboks or samples and how are these looks or samples com-
threshold for the second pulse reflecting forward maskingbined to arrive at a decision statistics? The predicted tempo-
The thresholds for the pulse pair are about 2.5 dB lower thanal integration function described in the study of Viemeister
those for either pulse alone and do not depend on the level aind Wakefield1991) depends strongly on how the looks are
the intervening noiséfor details see Viemeister and Wake- weighted and combined.
field, 1991. These data cannot be explained by long-term  Nevertheless, the basic concept of the multiple-looks ap-
integration. proach is to take into account that the observer attempts to
Furthermore, as discussed by Viemeister and Wakefieldse all the samples from the observation interval. For the
(1993), the results of this second experiment are also inconeletection of a tone, for example, an increase in the duration
sistent with the model proposed by Penri&®78. Penner of the tone increases the number of samples and results in an
showed that a compressive nonlinearity followed by a shortimprovement in performance. The model proposed in the
time constant integration can result in loaffectiveintegra-  present study contains an optimal detector as a decision de-
tion. However, such a model—as an example of the class ofice. The detection process can be considered as a “matched
“single-look™ integration models—would predict a certain filtering” process as already described in Detual. (19963.
change in threshold depending on the energy of the nois€his implies that avariable time constant is available that is
between the two pulses, since the lower threshold for a pulsmatched to the signal duration, dependent on the specific
pair compared to that for the single pulse requires integratiotask, i.e., the model has at its disposal a continuum of time
at least over the time of separation of the two pulses. constants. The integration of the cross correlator is similar to
To account for the data, Viemeister and Wakefieldthe classic notion of temporal integration, but no fixed inte-
(1991 proposed a “multiple-look” model. With such a gration time constant is necessary for long-term integration.
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It is the temporal extension of the template which automati-This shift indicates that there must be a certain loss of infor-
cally determines the weighting of stimuli across time. Thusmation in the auditory processing of modulatiindepen-
our implementation is effectively close to the “multiple- dent of modulation rabethat is not at present accounted for
look” strategy discussed by Viemeister and Wakefieldin the model. Further modeling efforts are required to under-
(199)). Time constants that are related to the “hard-wired” stand this discrepancy, that cannot be explained by simply
part of signal processing within the model represent a loweincreasing the variance of the internal noise, since thresholds
limit of temporal acuity.(The term “hard-wired” is used in are mainly determined by the external statistics of the
the sense that this part of signal processing is assumed to lsémuli.’
independent of the specific experimental tagkhe modula- The present model does not cover conditions which re-
tion filterbank represents a set of time constants that areuire some processes atross-channel comparisorsuch
however, too short to account for the long-term integrationacross-critical-band processing of temporally modulated
data. Thus it is the decision device that inherently accountsomplex stimuli might occur in, for instance, comodulation
for the long effective time constants. This agrees well withmasking releas¢ CMR) (Hall, 1987, comodulation detec-
the considerations by Viemeister and Wakefi€l@91) that tion difference(CDD) (McFadden, 1987; Cohen and Schu-
different strategies are probably being employed, and differbert, 1987, and modulation detection interferen¢®DI)
ent capabilities tapped, in resolution and integration tasksYost and Sheft, 1989 In these cases the auditory system
The resolution task seems to use more “peripheral” pro-seems to be looking across frequency channels that contain
cesses whereas temporal integration may require higher levedmporally modulated stimuli. Concerning conditions of
processes such as multiple sampling and probability summaMDlI, Yost et al. (1989 suggested a “large” modulation fil-
tion. To that extent, assuming that the decision process oderbank in which information about modulations of compa-
curs at a higher level of auditory processing, there is a certairable rates are combined across the whole frequency range.
correspondence between the modeling strategy of the preseBtich an approach appears interesting. However, to simulta-
model and that suggested in the “multiple-look”” model. The neously ensure the possibility of predictisgectral mask-
current approach may therefore be considered as an alterniag, it appears necessary to process a certain low-frequency
tive strategy to the multiple-look model. part of the modulation spectrum including the dc-component

This correspondence is supported by the model predicseparatelywithin each peripheral channel, because this com-
tions for the experiment of Viemeister and Wakefield, whichponent represents the energy. Higher rate modulation may be
are shown in the right panel of Fig. 11. Our model predicts a&combined within one large modulation filterbank. This, of
3-dB decrease in threshold for the pulse pair compared to theourse, should be tested in further studies in this field.
threshold for a single pulse. Such a result is expected if the In order to predict performance for these types of experi-
psychometric function for detection of pure tones in noisements(as well as binaural masking experimenedditional
and in quiet can be described by:=m(E/Ny)¥, whered’ stages would have to be included that calculate, for instance,
is the normalized sensitivity indek is signal powerNg is  the correlation between the envelopes of different frequency
the spectral noise power density, dndndm represent “in-  regions(or the two ears Such stages have not been system-
dividual” parameters. Foideal observers, the parametkr atically evaluated within the framework of this stutfgr a
has the value 0.%¢f. Green and Swets, 19g68eading to a  first result on binaural masking, see Holuteal,, 1995a, b.
3-dB decrease in threshold for the pulse pair compared télowever, using the present model as a preprocessing circuit,
that for a single pulse. According to Egahal. (1969, the it might be easier to find realistic across-channel processing
psychometric function for normal hearing subjects can bestages that also allow correct prediction for conditions in
described more accurately with a valke: 1 instead of 0.5. which across-channel processingnist needed.
Such a value would lead to a 1.5-dB instead of 3-dB lower
threshold for the pulse pair than for a single pulse, as was
discussed by Viemeister and Wakefi¢lkP91).

Long effective time constants occur both in typical test-V- CONCLUSIONS
tone integration and in the modulation integration examined 1.\ iti-channel modulation filterbank model de-

ir}btlhefpr(iﬁen;iiutiyihwr}el\ﬁ?:s thteh dehCiSiO_n deyice lis dreSpogbribed in this study can predict a wide variety of experimen-
sible for theshift ot the with changing signal dura- -, conditions, including spectral and temporal integration of

tion, from which anintegration time constardan be derived, ,,qjation detection and modulation masking with broad-
it is the scaling of the modulation filterbank that determmesband carriers

theform of the TMTF, from which aesolution time constant (1) Spectral integration is accounted for by combining

IS cqmmonly dgrwed. As d.ISCUSSE'd n the section abou_t SP€Ghe detection cues from all auditory filters with an optimal
tral integration in modulation detection, the threshold is de—deCiSion statistic

termined mainly by the portion of the modulation power of (2) Temporal integration is accounted for by the vari-

t_he b_roadband NoIse carner that is prqcessed by the rnOdulable length of the template that forms the basis of the optimal
tion filters tuned to the signal modulation frequency. detector incorporated in the model

(3) The combination of the modulation filterbank con-
cept and the optimal decision algorithm presents a powerful

Generally, all predicted thresholds shown in this paperstrategy for describing modulation detection phenomena in
lie between 2 and 5 dB lower than the experimental datanarrow-band and broadband conditions.

C. Future extensions of the model
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