Second-order temporal modulation transfer functions
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Detection thresholds were measured for a sinusoidal modulation applied to the modulation depth of
a sinusoidally amplitude-modulaté8AM) white noise carrier as a function of the frequency of the
modulation applied to the modulation deftieferred to ad,,). The SAM noise acted therefore as

a “carrier” stimulus of frequencyf,,, and sinusoidal modulation of the SAM-noise modulation
depth generated two additional components in the modulation spedtyunt;,, andf,+f . The
tracking variable was the modulation depth of the sinusoidal variation applied to the “carrier”
modulation depth. The resulting “second-order” temporal modulation transfer funcfiovig Fs)
measured on four listeners for “carrier” modulation frequendigof 16, 64, and 256 Hz display

a low-pass segment followed by a plateau. This indicates that sensitivity to fluctuations in the
strength of amplitude modulation is best for fluctuation rdtfgdelow about 2—4 Hz when using
broadband noise carriers. Measurements of masked modulation detection thresholds for the lower
and upper modulation sideband suggest that this capacity is possibly related to the detection of a
beat in the sound’s temporal envelope. The results appear qualitatively consistent with the
predictions of an envelope detector model consisting of a low-pass filtering stage followed by a
decision stage. Unlike listeners’ performance, a modulation filterbank model using Q walues
should predict that second-order modulation detection thresholds should decrease at high values of
f}, due to the spectral resolution of the modulation sidebgimdshe modulation domajn This
suggests that, if such modulation filters do exist, their selectivity is poor. In the latter case, the Q
value of modulation filters would have to be less than 2. This estimate of modulation filter
selectivity is consistent with the results of a previous study using a modulation-masking paradigm
[S. D. Ewert and T. Dau, J. Acoust. Soc. A8 1181-11962000]. © 2001 Acoustical Society

of America. [DOI: 10.1121/1.1383295

PACS numbers: 43.66.Ba, 43.66.Dc, 43.66.\8PB|

I. INTRODUCTION and Green, 1987; Strickland and Viemeister, 1996; Lorenzi
et al, 1999. Amplitude fluctuations faster than the cutoff

The characteristics of the temporal envelope of acous“?requency of this low-pass filtelestimated to be about 60—

stimuli may play a crucial role in sound identification. Sen- 50 H " ted. and thi lain why SAM d
sitivity to the temporal envelope is traditionally assessed b 2 are attenuated, and this may explain why e

measuring a temporal modulation transfer functigMTF), tection thresholds incregse at high mgdulation frequencies.
which displays the ability of listeners to detect sinusoidal! "€ results of adaptation and masking experiments per-
amplitude modulatiofSAM) as a function of the frequency formed with amplitude-modulated sounds.g., Kay and
of that modulation(Viemeister, 1977, 1979 Empirically, ~Matthews, 1972; Green, 1976; Green and Kay, 1974; Tansley
TMTFs are obtained by measuring the modulation deth, and Suffield, 1983; Houtgast, 1989; Bacon and Grantham,
necessary to just detect the modulation of a SAM carrier as 4989; Yostet al, 1989; Dauet al, 1997a, b, 1999have,
function of the modulation frequenc¥,,. Usually, TMTFs however, suggested an alternative model, the so-called
are measured with broadband noise carriers so as to preclud@odulation filterbank,” in which modulation filters, each
the use of spectral cues, since the modulation of broadbaritined to a given modulation frequency, decompose the tem-
noise does not affect itéflat) long-term power spectrum. poral envelope of sounds at a central level. In this approach,
Such TMTFs are generally low pass in shape: Sensitivity tanodulation at a given frequency is assumed to be detected
SAM is relatively independent of modulation frequency upby monitoring the output of a modulation filter tuned close to
to 50—60 Hz, and decreases progressively at higher modul@hat frequency(e.g., Lorenziet al, 1995. In recent imple-
tion frequenciede.g., Rodenburg, 1977; Viemeister, 1977, mentations of the modulation filterbafRauet al., 1997a, b,
1979; Bacon and Viemeister, 1985 1999; Ewert and Dau, 2000the bandwidth of modulation

A traditional model used to account for the characteris+ilters is assumed to increase with increasing center modula-
tics of these TMTFs is the “linear envelope detector mOde'."tion frequency_ The Q value of such filters was |n|t|a||y as-
This model assumes that the temporal envelope of the stimuumed to be equal to 2 for center modulation frequencies
is smoothed by a singlirst-orde) low-pass filter operating gphove 10 Hz(Dau et al, 1997a, b, 1999 However, in a
at a central(postcochlearlevel (Viemeister, 1979; Forrest more recent implementation of the modulation filterbank, the
Q value of such filters is assumed to be equal to 1 for center
3Electronic mail: christian.lorenzi@psycho.univ-paris5.fr modulation frequencies up to 64 HEwert and Dau, 2000
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For a broadband noise carrier, the power of the intrinsic ran- 3
dom fluctuations in the noise carrier appearing at the outpu
of a modulation filter will therefore increase with increasing
filter bandwidth(that is, with increasing filter center modu-
lation frequency. The masking effect produced by these in-
trinsic random fluctuations will increase at high modulation
frequencies, and this may explain why SAM detection
thresholds degrade at high modulation frequendi@au

et al, 1997a, b, 1990 To date, the controversy regarding the
nature of the temporal process@ modulation filterbank or

a linear envelope detechostill persists.

TMTFs measured with pure-tone carriers are quite dif-
ferent in shapde.g., Zwicker, 1952; Viemeister, 1979; Fas-
sel, 1994; Dau, 1996; Kohlrauset al., 2000. For a 5-kHz 3 05 1 15 5 25
pure-tone carrier, SAM detection thresholds are constant be Time(sec)
tween about 10—-100 Hz. They increase in the range 100-

400 Hz at a rate of 3—4 dB/oct. Finally, detection thresholds

decrease abruptly above about 400 fDau, 1996; Kohl- S

rauschet al, 2000. The modulation frequency at which this or T T T
rolloff occurs increases with the carrier frequen@assel
and Pschel, 1993; Fassel, 1994; Dau, 1996; Kohlrausch .| Fotf
et al, 2000. The high-frequency region of these TMTFs can ; g g
be understood easily on the basis of the auditory filter bankZ :

model (Fletcher, 1940; Patterson, 19761) At high modu- -20¢ o :
lation frequencies, the sidebands of the modulated signal arg
spectrally resolved. Instead of basing decisions on the ampli &
tude fluctuations, subjects listen to additional toné&s. 2
Tone-on-tone experimentDau, 1996; Kohlrausctet al, 9
2000 also show that, at high modulation frequencies, SAM .40
detection thresholds are determined by the masked threshol

of the spectrally resolved lower sidebar(@®) Finally, the

Amplitude

rum

30F-

g

progressive broadening of auditory filter bandwidths at high 7% 4 & 15 32 84 198 2565 512
(audio frequencies explains why the modulation frequency Modulation frequency (Hz)

at which the rolloff occurs increases with the carrier ) ) o
frequency. FIG. 1. Top panel, left signal: Waveform of a white noise with first-order

— . SAM (f,=16 Hz, m=0.5). Top panel, right signal: Waveform of a white
Thus, the characteristics of TMTFs measured with pure;,jise with second-order SAMF,=16 Hz, f =8 Hz, m=m’=0.5). Bot-

tone carriers indirectly support the existence of a limitediom panel: Modulation spectra of the noises with first-ortntinuous
spectral decomposition of complex sounds within a bank ofine) and second-ordeidotted ling SAM.

channelgthe auditory filterbank With this idea in mind, we

suggest to test the existence of filters in the modulation dowith first-order (solid line) and second-ordefdotted line
main by measuring “second-order” amplitude modulation SAM (the modulation spectra are calculated for only one
detection thresholds, that is detection thresholds of a sinwealization of the noise carrierAs expected, sinusoidal
soidal modulation applied to the modulation depth of a SAMmodulation applied to the modulation depth of a SAM noise
white noise carriefinstead of unmodulated white noise or carrier generates sidebands fat—f;, and f,,+f/, in the
pure-tone carrieps The tracking variable would be the modulation spectrum of the “second-order” SAM noise.
modulation depth of the sinusoidal variation applied to the By analogy with the results obtained with TMTFs mea-
modulation depth of the SAM noise. The effects of applyingsured with pure-tone carriers, the modulation filterbank
sinusoidal modulation to the depth of a SAM noise are illus-model should therefore predict the followingl) Second-
trated in Fig. 1. In the top panel, the left signal correspond®rder SAM detection thresholds should decrease at high
to the waveform of a white noise sinusoidally amplitude second-order modulation frequenciés (because modula-
modulated at a modulation frequené&y, of 16 Hz, with a  tion sidebands should be spectrally resolved at high second-
constant modulation deptm of 50%. The right signal also order modulation frequencies if modulation filters anar-
corresponds to the waveform of a white noise sinusoidallyowly tuned. (2) Knowing that low SAM components are
amplitude modulated af,,=16 Hz; however, sinusoidal better detected than high onéss a consequence of better
modulation has been applied to its modulation deptht a  modulation tuning to low modulation center frequengies
frequencyf, of 8 Hz, with a modulation deptim’ of 50%. second-order SAM detection thresholds should be deter-
The cyclic variation in modulation depth produces a beat inmined by the masked threshold of the resolved lower modu-
its temporal envelope at a slow rate equaf {p The bottom lation sidebandmasking being considered in the modulation
panel of Fig. 1 shows the modulation spectra of the noiselomain, since previous studiés.g., Bacon and Grantham,
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1989; Houtgast, 198%ave shown that the detectability of power was the same in all intervals. The expressiorcfisr
SAM is generally degraded when a masking SAM is added given as follows:
(3) The second-order modulation frequency at which the C=[1+m?/2] 05 @
rolloff should occur in the second-order TMTF should in- '
crease with increasing “carrier” modulation frequendy,  The SAM detection thresholds were obtained using an adap-
(because of the progressive broadening of modulation filtertive two-interval, two-alternative forced-choid@l, 2AFC)
at high center modulation frequencieBy contrast, the lin- procedure with a two-down, one-up stepping rule that esti-
ear envelope detector model—a sluggish mechanism thawates the modulation deptim, necessary for 70.7% correct
smoothes fast fluctuations—should predict that detectabilitgletection. The listener’s task was to identify the interval con-
of second-order SAM should degrade at high second-ordggaining the modulation. Visual feedback about the correct
modulation frequencies. A very similar method was used bynterval was given after each trial. The step sizerofaria-
Rees and Kay1985 to test the hypothesis of selective chan-tion corresponded initially to a factor of 1.58% dB in deci-
nels in the frequency-modulation domain. bels (20 logm)]; it was reduced to 1.262 dB) after the first

The present study reports second-order TMTFs meatwo reversals. The mean of the last 10 reversals in a block of
sured at various “carrier” modulation frequencies in normal- 16 reversals was taken as the threshold estimate for that
hearing listeners. First-order TMTFs and masked modulatioflock (in %). For each listener and each modulation fre-
detection thresholds were also collected to evaluate the exguency, thresholds presented here are based upon three esti-
tent to which second-order modulation sensitivity relates tanates. The worst threshold that can be measured corresponds
first-order modulation sensitivity, modulation masking, andto a modulation depth of 1100% modulated noige The
envelope beat detection. The empirical results are finally discloser to 0 the value ah, the better the detection threshold.
cussed in light of the modulation filterbank and linear enve-

lope detector models. 2. Second-order TMTFs

Il. METHOD The listener’s task was to detect the presence of a sinu-
. soidal modulation applied to the modulation depth of a SAM
A. Listeners white noise carrier. On each trial, a standard and a target

Four listeners with normal hearirigiean age-20 years; ~ Stimulus were successively presented in random order to the

s.d=1yea), CS, TV, SA, and SR, participated in the experi- listener. The standard(t), consisted of a white noise(t)
ments. sinusoidally amplitude modulated at a given modulation fre-

quencyf,, with a fixed modulation deptim of 50% (m
=0.5). The expression describing the standard was

All psychophysical experiments were controlled by a St =[1FmMsiN2afyt+ dm)In(t) ®)
PC-compatible computer. All stimuli were generated using awvhere ¢,, represents the starting phase of the modulation,
16-bit D/A converter at a sampling frequency of 44.1 kHz,randomized on each interval. The tardgett), consisted of a
and were delivered binaurally.e., diotically) via Sennheiser white noise sinusoidally amplitude modulated at a given
HD 565 earphones. Statistically independent realizations afodulation frequencyf,,. Modulation depth was sinusoi-
the white noise were used in all experimefits., within and  dally amplitude modulated at a given modulation frequency
between trials Listeners were tested individually in a f/ . The expression describing the target was
soundproof booth. In each task, the standard and target . , ,
stimuli were presented at 75 dB SPL. Both the standard and T(O)=[1+[0.5+m" sin(27fyt+ by

B. Stimuli and procedures

target stimuli haq azs duratiop includipg 25-ms rise/fall X sin(2mf o t+¢H)In(t), (4)

times shaped using a raised-cosine function. The interstimu- ) ) ]

lus interval was 1 s. where m’ is the modulation depth of modulation-depth
. variation (0=sm’=<0.5), f/, is the frequency of modulation

1. First-order TMTFs depth variation, andg;, represents the starting phase of

The listener’s task was to detect the presence of a SAMnodulations, randomized on each interval. The overall
applied to a white noise carrier. On each trial, a standard angower was the same in all intervals, (the “carrier” modu-
a target stimulus were successively presented in random olation frequency was 16, 64, or 256 Hz, (the “second-
der to the listener. The standar®(t), consisted of a white order” modulation frequengywas 1, 2, 3, 4,5, 6, 7, 8, or 11
noisen(t). The targetT(t), consisted of a white noise car- Hz whenf, was 16 Hz; 3, 4, 6, 8, 11, 16, 23, 32, or 45 Hz
rier sinusoidally amplitude modulated at a given modulationwhenf, was 64 Hz; and 3, 8, 23, 32, 45, 64, 90, 128, or 181
frequency. The expression describing the target was Hz whenf,, was 256 Hz.

. Second-order SAM detection thresholds were obtained

T(O=cl1+msin(2afmt + ¢m)In(D), @ using an adaptive 2l, 2AFC procedure with a two-down,
where m is the modulation depth @m=<1), f,, is the one-up stepping rule that estimates the second-order modu-
modulation frequencyf,, was 4, 8, 16, 32, 64, 128, or 256 lation depthm’, necessary for 70.7% correct detection. The
Hz), and¢,, is the starting phase of the modulation, random-listener’s task was to identify the interval containing the
ized on each interval. The terais a multiplicative compen- modulation of modulationVisual feedback about the correct
sation term (Viemeister, 1979 set such that the overall interval was given after each trial. The step sizemdfvaria-
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FIG. 2. Individual data for the four lis-
teners. In each panel, the second-order
TMTFs measured for f,=16 Hz
(solid lines with unfilled circles f,,
=64 Hz (solid lines with gray
squarey and f,=256 Hz (solid lines
with black triangleg are plotted along
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. 10 100 1000 | 10 100 1000 W?th the first-order TMTHdotted lines
fm' (Hz) fm' (Hz) with stars. In the case of second-order
TMTFs, the ordinate indicates second-
1 SR 1 order modulation depth at threshold
",x\\ SA m’, and the abscissa represefyts in

the case of first-order TMTFs, the or-
dinate indicates first-order modulation
depth at thresholdh, and the abscissa

representd,,. In both cases, modula-

tion depth at threshold is expressed in
linear units, and plotted on a logarith-
mic scale.

detection threshold (%)
detection threshold (%)
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tion corresponded initially to a factor of 1.58% dB in deci- modulations was therefore of 3, 8, or 32 Hz, the signal
bels (20 logM')]; this factor was reduced to 1.28 dB) after ~ modulation frequency being either below or above the
the first two reversals. The mean of the last 10 reversals in masker modulation frequencylhe termc is a compensation
block of 16 reversals was taken as the threshold estimate fdactor (Bacon and Grantham, 1989et such that the overall
that block(in %). For each listener and experimental condi-power was the same in all intervals. The expressiorcfisr
tion, thresholds presented here are based upon three egiven as follows:

mates. The worst threshold that can be measured corresponds

_ 2 2 _ -05

to a modulation deptim’ of 0.5. The closer to 0 the value of C= 1+ (Mipasih Msig ™ 2MimagMsig) /2]~ @)

m’, the better the detection threshold. Masked modulation detection thresholds were obtained
3 Masked modulation detection thresholds using an adaptive 2l, 2AFC procedure with a two-down,

) . _one-up stepping rule that estimates the signal modulation
The third task was based on a classical *modulationgepth, m;,, necessary for 70.7% correct detection. The lis-

masking” paradigm. On each trial, a standard and a targefener’s task was to choose the interval containing the signal
stimulus were successively presented in random order to thogulation. Visual feedback as to the correct interval was
listener. The standard consisted of a white ngié® sinu- given after each trial. The step size mf;, variation corre-
soidally amplitude modulated at the masker frequency. Th%ponded initially to a factor of 1.5881 dB); this factor was
expression describing the standai., the masker alone requced to 1.262 dB) after the first two reversals. The mean

was of the last 10 reversals in a block of 16 reversals was taken
S(t) = ¢[ 1+ MyaskCOS(27f magt) IN(L), (50 as the threshold e_stimate for th_qt bloGk %). For each
] ) ) listener and experimental condition, thresholds presented
wherempg is the modulation depth of the masker, fixed atpere are based upon three estimates. The worst threshold that

0.5, fmask is the masker modulation frequency, aads @ ¢an he measured corresponds to a modulation depth of 0.5.
multiplicative compensation term defined beloliasc Was  The closer to 0 the value ahgg, the better the detection
fixed at 64 Hz. The target consisted of white noise carriefy eshold. 9

n(t) amplitude modulated by the sum of two sinusoidal
modulators, the signal and the masker modulators. The ex-
pression describing the targéte., the signal-plus-masker Il RESULTS

waveform was A. First- and second-order TMTFs
T(t)=c[ 1+ Mya5kCOS( 27 f pasit) Individual and mean data for the four listeners are
shown in Figs. 2 and 3, respectively. In each figure and each
+ Mg cos(2mf ) IN(1), (6) 2 pecivey J

panel, the second-order TMTFs measured foe=16 Hz
wheremg;q is the modulation depth of the signal afg, is  (solid lines with unfilled circleg f,,=64 Hz (solid lines with
the signal modulation frequency. The masker and signal wergray squares and f,,=256 Hz (solid lines with black tri-
in phase. The frequendy;y was 32, 56, 61, 67, 72, or 96 Hz angle$ are plotted along with the first-order TMT(€lotted
(the absolute spectral distance between signal and maskkmes with stars In the case of second-order TMTFs, the
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1 e —— -40 old being about 10%. This suggests that the audibility of the

&4 “carrier” modulation is not responsible for the overall drop
XX |ox- 'st order TMTF| | 30 in sensitivity to second-order modulation whef,
- =256 Hz.

To assess the statistical significance of the differences in
second-order modulation detection thresholds, a repeated
measure analysis of varianéBNOVA) was conducted with
factors f,, and f/,. The analysis showed significant main
effects of f, [F(2,6)=262.8, p<0.0000] and f/,

detection threshold (%)

detection threshold (dB)

100 F i i [F(8,24)=23.3,p<0.000 01, and significant interaction be-
. 10 100 1000 tween f,, and f;, [F(16,48)=9.6, p<0.00001. Post-hoc
' (Hi2) tests (LSD) showed that, wherf,,=16 Hz, second-order
m' (Hz

modulation detection thresholds measured/at 2 Hz were
FIG. 3. Mean data for the four listeners. See Fig. 2 for legend details. TherlOt Slgmﬂcantly different from thosg' measured éft‘
left ordinate shows modulation depth at threshold expressed in linear units” 1Hz (p—0.84), but they were S'Qn'f'camly lower than

(100-m), and plotted on a logarithmic scale. The right ordinate showsthose measured at;,=5 Hz (p<0.05); the analysis also
modulation depth at threshold expressed on a decibel scale (29.log showed that thresholds measured fm: 5,6,7,8, and 11
Hz were not significantly different from each othep (

ordinate indicates second-order modulation depth at threshz 0-60). Similar patterns of results were obtained fqy

old m’, and the abscissa represefils in the case of first- =64 and 256 Hz, indicating that sensitivity degraded from
order TMTFs, the ordinate indicates first-order modulationfm=4 Hz whenf,=64Hz, and fromf,=3 Hz whenf,
depth at thresholeh, and the abscissa represefits In Figs. =256 Hz. Post-hoc tests also showed that second-order

2 and 3, the left ordinate shows detection thresholds extnodulation detection thresholds measured fgy=4 Hz
pressed in linear units (10M) and plotted on a logarithmic Were significantly lower whenf,=64Hz than whenf,
scale; in Fig. 3(mean dat the right ordinate shows detec- =16 Hz (p<<0.05); however, detection thresholds measured
tion thresholds expressed on a decibel scale (2fjpgre-  for f;,=3 or 6 Hz were not significantly different whef, -
quently used in previous studies. In agreement with previoug 16 or 64 Hz. Finally, the analysis showed that detection
studies(e.g., Viemeister, 1979; Bacon and Viemeister, 1985 thresholds measured fdi,=3 or 8 Hz were significantly
first-order TMTFs display a typical low-pass characteristichigher whenf =256 Hz than whenf,=16 or 64 Hz {
(Fig. 3. Sensitivity is reduced by about 3 d& 20 logm) at ~ <0.05).

fn=64Hz; from this frequency, sensitivity decreases at a

rate of about 3 dB/oct. For each “carrier” modulation fre-
quency f,, second-order TMTFs display a low-pass seg-
ment: For the lowest second-order modulation frequencies A modulation masking experiment was performed to in-
f!., sensitivity to second-order modulation remains constantvestigate the extent to which each modulation sideb@fd

up to 2 Hz whenf,=16Hz, and up to 4 Hz wheri,, frequencyf,—f;, and f,+f)) contributes to the second-
=64 Hz; from these frequencies, sensitivity decreases witlorder modulation detection threshold. This experimental
increasingf/,. Whenf,,=256 Hz, sensitivity decreases from paradigm corresponds to a transposition of that used by
3 Hz (the lowest value of, tested for this “carrier” modu-  Kohlrauschet al. (2000 to the temporal-envelope domain.
lation frequency. The rate of decrease estimated on the low-The masked modulation detection thresholds of the lower
pass segment of the second-order TMTFs decreases when thied the upper modulation sideband were measured sepa-
“carrier” modulation frequencyf,, increases: It is about 6 rately in the presence of the “carrier” modulation acting as
dB (in 20 logm’) per octave whei,,= 16 Hz, 4 dB/oct when masker. Here, masker modulation frequency was fixed at 64
fn=64Hz, and 3 dB/oct wherf,,=256Hz. Overall, the Hz. Measurement was performed as a function of the abso-
low-pass segment seems to be followed by a plateau: Abovieite spectral distancAf (in the modulation spectruyrbe-

a given value off ;| (of aboutf /3 or f/4), sensitivity re-  tween the sideband and the carrigrf=|f o fgg; Af
mains relatively constant. However, individual second-ordemwas 3, 8, or 32 Hg Figure 4 shows the individual masked
TMTFs (e.g., listeners CS and $Rhow a noticeable notch modulation detection thresholds plotted along with second-
(i.e., a loss of sensitivifywhen f/, is slightly belowf./2  order modulation detection thresholds measured for a “car-
(this is especially noticeable whép=16 Hz). Figures 2 and rier” modulation frequencyf,, of 64 Hz. In the case of

3 also show that sensitivity measured for second-ordesecond-order TMTFs, the left and right ordinates indicate
modulation frequencies between 3-6 Hz increases when second-order modulation depth at threshold and the ab-
increases from 16 to 64 Hz. However, overall sensitivity toscissa represent§/,; in the case of masked modulation
second-order modulation degrades considerably fpr thresholds, the left and right ordinates indicate signal modu-
=256 Hz. First-order TMTFs show that modulation detec-lation depth at thresholoh;y, and the abscissa represents the
tion at 256 Hz is reduced by 9 dB compared to modulatiorabsolute spectral distance between signal and masker modu-
detection at 16 Hz, and by 5 dB compared to modulationation frequenciesAf. The left ordinate shows detection
detection at 64 Hz. Nevertheless, the “carrier” modulationthresholds expressed in linear un{ts00- mg, or 100 m’)
remains highly audible fof,,=256 Hz, the detection thresh- and plotted on a logarithmic scale, while the right ordinate

B. Masked modulation detection thresholds
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g io - : 0 100 (solid lines with gray squargsin the
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thresholds, modulation depth at
1 40 i 248 threshold (') was transformed into
modulation depth per sideband relative
to the “modulation” carrier depth by
subtracting 6 dB from 20 logv. Tri-
angles and inverted triangles represent
masked detection thresholds for the
upper and lower modulation sideband,
respectively.

1 -30 1 -30

1 20 1 -20

detection threshold (%)
>
detection threshold (dB)
detection threshold (%)
detection threshold (dB)
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modulation frequency (Hz) modulation frequency (Hz)

shows detection thresholds expressed on a decibel scal® higher than for the second-order modulation stimulus.

(20logmg;y or 20logm’). Triangles and inverted triangles The observed threshold difference of nearly 6 dB between

represent masked detection thresholds for the upper artiese two conditions at small spectral distances can therefore

lower modulation sideband, respectively. be taken as strong evidence that envelope beat was the de-
For a fully amplitude-modulated tone, the two sidebandgection cue.

are 6 dB attenuated relative to the carrier level. Therefore, in

the case of second-order modulation thresholds, the depth of

the modulation sidebands relative to the “modulation” car-

rier depth can be derived by dividing’ by a factor of 2(or V. GENERAL DISCUSSION

by subtracting 6 dB from 20 log’). In Fig. 4, modulation )

depth at threshold ng’) was therefore transformed into In summary, the data show the following.

modulation depth per sideband relative to the “modulation"(l) For each “carrier” modulation frequency' second-order

carrier depth, which implies a-6-dB vertical shift of the modulation detection thresholds measured with a broad-

second-order modulation detection data relative to the values pand noise carrier are lowest ftsecond-ordérmodula-

shown in Figs. 2 and 3. tion frequencies below about 2—4 Hz; above 2—4 Hz,
For all listeners, masked modulation thresholds increase they generally increase with second-order modulation

as the sideband modulation frequency is moved above or frequency up to a given second-order modulation fre-

below the “carrier” modulation frequencﬁlm. This contrasts guency; above this frequency, second-order modulation

with previously reported modulation masking patterns,  thresholds remain roughly constant.

showing that modulation masking generally decreases as the) Second-order modulation detection thresholds measured

modulation frequency is moved above or below the masker  for low second-order modulation frequencies decrease

modulation frequency(e.g., Bacon and Grantham, 1989;  when the “carrier” modulation increases from 16 to 64

Houtgast, 1989; Lorenat al, 1997. However, the spectral Hz. However, they increase when the “carrier” modula-

distances\ f used in the present study are much smaller than  tion frequency increases to 256 Hz.

what was used in these classical modulation masking studieg3) Second-order modulation detection thresholds mirror the

This inverse pattern of masking suggests that listeners are masked modulation detection thresholds of the lower and

able to detect “beats” in the temporal envelope, which con-  the upper modulation sidebands.

sists of a cyclic variation in the modulation depth at a slow

ratef/,. Similar effects have been reported by Strickland and  In the present experiments, the relative phase of second-

Viemeister(1996, Sheft and Yos{1997), and Mooreet al. ~ order and “carrier” modulations was fixefdtf. Eq. (4)] be-

(1999. cause changes in relative phase affect modulation detectabil-
In order to reach the same modulation depth in a secondty (i) when modulations are harmonically relatée.g.,

order modulation and a single modulation-sideband stimulusStrickland and Viemeister, 1996; Lorenei al., 1999, and

the modulation depth per sideband for the latter has to be Gi) when modulation depths are highe., when modula-
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tions are highly detectable; Moore and Sek, 200his may filters with Q=2 would easily signal the presence of second-
explain why noticeable notches or rebounds were observegrder modulatior{output change=[1-15 dB), but the pat-

in the second-order TMTFs whé, was close td /2. (This  termn of change at the output of such filters predicts that de-
was especially noticeable whefy,=16Hz) Such local tectability shouldincrease with second-order modulation

changes in detection threshold may therefore be due to th@equency. The present results clearly argue against a model
choice of a specific phase relationship between carrier angased on finely tuned modulation bandpass filfers., for

sidebands modulations. Further investigation of phase eﬁec@zz; Dau et al. (1997a, b, 1998. This suggests that, if

may help to clarify this issue. such modulation filters do exist, their selectivity is poor. In

At first sight, the results appear qualitatively consis- e |atter case, the Q value of modulation filters would have
tent with theoretical predictions of a linear envelope detectofy e |ess than 2. This is more in line with the implementa-

model consisting of a low-pass filtering stage and a decisioraOn of the modulation filterbank model proposed by Ewert

;tage, andi() |ncon§|stent with predlctlops of a modulation and Dau(2000, in which the Q value of such filters is as-
filterbank model using narrowly tuned filters. Nevertheless

. . L 'sumed to be equal to 1 for center modulation frequencies up
the current results seem consistent with predictions of 3
: , ) : 0 64 Hz.
modulation filterbank model usingroadly tuned filters. The L
. . : ) S : The present results also show that sensitivity to second-
latter point was studied by implementing a simplified version : : N
. . . order modulation degrades considerably when the “carrier
of the modulation filterbank model described by Detual. . . .
" modulation frequency increases from 64 to 256 Hz. First-
(1999 and Ewert and Da(2000 consisting of three succes- der TMTEs indicate that the * ior” modulati .
sive processing stageét) a half-wave rectifier(2) a low- (;r Elr d'bT n r'::a nfe —;565 szter t.mo tﬁ a |(r)]n|;egwg|ns
pass filter(first-order Butterworth with a 3-dB cutoff fre- It? yfgcy' TGhW eMm= h Z’h € ecd!g_rlll refsho ; e|_ng"
guency of 500 Hz, and3) an array of overlapping linear about J70. TIIS suggests ,t at the audi ity of the carmer
bandpass filter¢Dau et al, 1996, 1997a, bwhose center modulation is not responsible for this overall loss in sensi-
frequencies range between 2 and 512 Hz. Center frequencid¥lty 10 second-order modulation. Dali99§ has shown
are spaced on a logarithmic scale from 2 to 512 Hz andhat the deleterious effects of the intrinsic fluctuations of the
filters’ density is set to 5 filters/oct. Filter bandwidths in- NCIS€ carrier are greater at high modulation frequencies.
crease logarithmically over the whole range of center freSuch statistical fluctuations might have affected the modula-
quencies with constant Q values of 1, 2, or 4. Thange tion sidebands generated by the second-order modulation,
produced by second-order modulation in the output of thdhese deleter_ious gﬁects being certainly strongest for the up-
modulation filter tuned to the lower sideband modulation fre-P€r modulation sidebandf+fy). However, the way
quency was calculated by subtracting the excitation evoke@iodulation sidebands might have been disrupted remains
by the target to that evoked by the standard in this fiiter, ~ currently unexplained. . .
the filter tuned tof ,,— f/). Figure 5 shows the change in the The experiment on modulation masking reveals that
output of this modulation filter as a function &f,. Simula- ~ second-order modulation detection thresholds mirror the
tions were performed forf ,=16Hz (left pane), 64 Hz  masked modulation detection thresholds of the lower and the
(middle panel, and 256 Hzright pane). Each panel shows upper modulation sidebands. Therefore, in contrast to the
the results of simulations for constant Q values ¢€itcles,  “classical” modulation masking patterng.g., Bacon and
2 (squarey and 4(triangles. Modulation depths of the “car- Grantham, 1989; Houtgast, 1989; Loremtial, 1997, the
rier” and second-order modulatiofi.e., m andm’, respec- ability to detect modulation sidebands improves when side-
tively) were both fixed at 50%. Figure 5 clearly shows that abands and carrier modulations get closer. As for spectral
modulation filter with a Q value of 1 would hardly signal the masking in the audio-frequency domain, this result suggests
presence of second-order modulation whatever the value dfvithout demonstrating )tthat the task is performed by lis-
f/ (output change<l1 dB); on the other hand, modulation tening to low envelope beat cues produced by the interaction

fm=16 Hz fm=64 Hz fm=256 Hz
g -8-Q=1 515 a2l |-e-0
: Q- 5 3
& A-Q=|| & £
& Ew} Eio b
k- k] K
[ @ )
o « o
2 5 5| S s
& & 2
=
8 8 8
0 o L—— B
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FIG. 5. Change produced by second-order modulation in the output of the modulation filter tuned to the lower sideband modulation frequency s a functio

of f;,. Simulations were performed fdy,= 16 Hz (left pane), 64 Hz (middle pane), and 256 HZright pane). Each panel shows the results of simulations
for constant Q values of (circles, 2 (squarel and 4(triangles. In each casem=m’=0.5.
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