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a b s t r a c t

Many natural sounds such as speech contain concurrent amplitude and frequency modulation (AM and
FM), with the FM components often in the form of directional frequency sweeps or glides. Most studies of
modulation coding, however, have employed one modulation type in stationary carriers, and in cases
where mixed-modulation sounds have been used, the FM component has typically been confined to an
extremely narrow range within a critical band. The current study examined the ability to detect AM sig-
nals carried by broad logarithmic frequency sweeps using a 2-alternative forced-choice adaptive psycho-
physical design. AM-detection thresholds were measured as a function of signal modulation rate and
carrier sweep frequency region. Thresholds for detection of AM in a sweep carrier ranged from �8 dB
for an AM rate of 8 Hz to �30 dB at 128 Hz. Compared to thresholds obtained for stationary carriers (pure
tones and filtered Gaussian noise), detection of AM carried by frequency sweeps substantially declined at
low (12 dB at 8 Hz) but not high modulation rates. Several trends in the data, including sweep- versus
stationary-carrier threshold patterns and effects of frequency region were predicted from a modulation
filterbank model with an envelope-correlation decision statistic.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Many naturally occurring sounds are modulated in both ampli-
tude and frequency; important examples include speech and other
conspecific communication signals in mammals, marine species,
birds, and even insects (Coscia et al., 1991; Dankiewicz et al.,
2002; Dear et al., 1993; Fant, 1970; Huber and Thorson, 1985;
Klump and Langemann, 1992; Ryan and Wilczynskin, 1988; Sabou-
rin et al., 2008). Because amplitude- and frequency-modulated
(AM and FM) sounds are the building blocks of complex sounds,
understanding how the auditory system processes these important
signals has both practical and theoretical implications (Kay, 1982;
Moore and Sek, 1992; Saberi, 1995, 1998; Luo et al., 2007a,b). Most
prior studies of modulation processing, however, have been one
dimensional in that either temporal envelope modulation is varied
while spectral modulation is kept constant or vice versa, and while
these studies have provided valuable insights into modulation
detection and discrimination, less is known about how the audi-
tory system processes mixed-modulated sounds (combined FM
and AM). In studies that have examined processing of mixed-mod-
ll rights reserved.

amplitude modulation; MM,
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ulated sounds, the FM component has typically been sinusoidal
with an extremely restricted narrow spectral range of a few hertz
to at most about 100 Hz, with peak frequency deviations often con-
fined to well within a critical band. No prior study has examined
AM detection in an FM carrier that sweeps through broader regions
of the spectrum comprising multiple critical bands.

In recent years the study of broad directional sweeps as a com-
mon component of communication signals has substantially in-
creased. Speech sounds contain significant FM information in the
form of frequency glides and formant transitions which provide
cues to phonemic identification (Fant, 1970; Gordon and O’Neill,
1998; Liberman et al., 1956; Pickett, 1980). FM sweeps also play
an important role in processing of tonal languages (e.g., Mandarin
or Thai) where pitch contour variations affect lexical distinction
(Howie, 1976; Luo et al., 2007a; Stagray et al., 1992). The study
of FM sweeps in speech has also had practical applicability to lan-
guage processing in children afflicted with language-based learn-
ing impairment. Tallal et al. (1996) for example have shown that
reducing the FM rate of formant transitions and amplifying their
levels relative to steady state (non-FM) parts of a phoneme signif-
icantly improve the ability of these children to identify speech
sounds. Directional FM sweeps have also become important signals
in many other areas of hearing research, including auditory scene
analysis (Bregman, 1994; Crum and Hafter, 2008) where consis-
tency of multiple FM glides in different frequency regions provide

http://dx.doi.org/10.1016/j.heares.2010.02.002
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powerful cues to auditory object formation and stream segrega-
tion, as well as in the study of infant hearing development (Colom-
bo and Horowitz, 1986) and even music perception (d’Alessandro
et al., 1998).

The current study was both broadly motivated to contribute fur-
ther to this growing body of empirical research, and more specifi-
cally motivated by three theoretical questions: First, how is
temporal-modulation detection affected by imposing the modula-
tion envelope onto a spectrally broad non-stationary carrier requir-
ing integration of AM cues at different instances of time across
different auditory filters. It is a priori unknown whether substan-
tially different threshold patterns might emerge from use of dy-
namic frequency-sweep carriers, particularly since an entirely
different population of direction-sensitive FM-selective neurons
may be involved in coding information carried in sweeps (Poeppel
et al., 2004; Woolley and Casseday, 2005; Andoni et al., 2007; Gittel-
man et al., 2009). Second, it is well-established that an FM sound is
transduced into an AM signal as its instantaneous frequency sweeps
through the passband of a filter (Blauert, 1981; Moore and Sek, 1992;
Saberi and Hafter, 1995; Hsieh and Saberi, 2009). Does the AM in-
duced by the unidirectional FM sweep at the outputs of auditory fil-
ters mask the signal AM modulation, and if so to what extent and
under what circumstances? Third, can recently developed modula-
tion filterbank (MFB) models (Dau et al., 1996, 1997) predict the pat-
terns of modulation masking observed for a frequency-sweep
carrier, and what insights might be gained form this analysis con-
cerning factors that limit modulation detection in these putative fil-
ters (e.g., internal limiting noise at different frequency regions)?

Specifically, in the current study, we examined the ability to de-
tect monaural sinusoidal AM in directional FM carriers for AM rates
from 8 to 128 Hz. Rates in this range have been shown to produce
large differences in detection or discrimination thresholds and have
been extensively used in studies of AM and FM sounds (Riesz, 1928;
Zwicker, 1952; Lee, 1994; Yost and Sheft, 1997; Chi et al., 1999;
Strickland, 2000; Eddins, 2001). In addition, we examined AM detec-
tion in FM carriers that swept across wide ranges of frequency at dif-
ferent frequency regions (e.g., 1–5, 5–9 kHz) to determine if
detection of modulation in sweeps is a function of frequency region,
whether these threshold patterns are distinct from those reported
for stationary-carriers at different regions (Eddins, 1993, 1999)
and what this may imply about factors that limit AM detection in
broadband sweeps. For comparison, we also examined AM detection
for stationary-carriers (tones and noisebands) at different modula-
tion rates and frequency regions, and compared thresholds obtained
from dynamic and stationary-carriers at low and high modulation
rates with those predicted from a modulation filterbank model.
Fig. 1. Spectrogram of a logarithmic FM carrier that sweeps from 1 to 5 kHz. An 8-Hz
AM signal with a modulation depth of 50% (m = 0.5;�6 dB) is imposed on the carrier.
2. Methods

2.1. Stimuli and apparatus

Stimuli were generated using Matlab software (Mathworks) on
a Dell PC (Dimension 8400) and presented at a rate of 44.1 kHz
through 16-bit digital-to-analog converters (Creative Sound Blaster
Audigy 2ZS) and through Sennheiser headphones (HD 470) in a
double-walled steel acoustically isolated chamber (Industrial
Acoustics Company). The amplitude-modulated logarithmic FM
sweeps were generated from Eq. (1):

YðtÞ ¼ sin 2p fs
lnðfe=fsÞ

Ts

exp
lnðfe=fsÞ

Ts
t

� �
� 1

� � !
ð1þm

� sinð2pfAMt þ /ÞÞ ð1Þ

where fs and fe represent the starting and ending sweep frequencies
in hertz, Ts is stimulus duration, m is the amplitude modulation
depth, fAM is the amplitude-modulation rate, and / is the AM enve-
lope phase which was randomly selected on each presentation from
a uniform (0, 2p) distribution (Fig. 1).

The stimulus duration was 500 ms. There were 10 experimental
conditions for FM-sweep stimuli which included five AM rates (8,
16, 32, 68, and 128 Hz) by two regions of the spectrum through
which the FM swept (1–5 kHz or 5–9 kHz). These frequency re-
gions were selected to cover two distinct but broad regions at
low and high frequencies, within the general range of frequencies
used in prior studies of AM detection (e.g., Eddins, 1999). In addi-
tion, there were ten control conditions which included three pure-
tone carriers (1, 5, and 9 kHz) and two bandpass Gaussian noise
carriers (1–5 or 5–9 kHz) by two modulation rates (8 and 32 Hz;
random phase). We selected these two rates as examples of rela-
tively slow and more moderate modulation rates, which our pilot
runs and model analysis suggested would generate markedly dif-
ferent threshold patterns. Furthermore, these two rates may have
at least some relevance to speech processing (Pickett, 1980; Fant,
1970; Saberi and Perrott, 1999). An 8-Hz AM falls within the range
of syllable rates (3–8 Hz), and a 32-Hz AM has a period that falls
within the general range of phonemic durations (30–50 ms).

In addition, in a post hoc control experiment, we included a con-
dition that equated sweeps on an octave scale. Note that the two
frequency regions from 1 to 5 and 5 to 9 kHz, while producing
equal sweep rates on a linear scale, will produce two different
sweep rates on an octave scale, with the 1–5 kHz FM sweeping at
a rate of 4.6 octaves/s and the 5–9 kHz FM sweeping at a rate of
1.7 octaves/s. In order to additionally investigate AM detection per-
formance based on constant octave velocity at two frequency re-
gions, we also measured thresholds for a 1–1.8 kHz FM sweep
(1.7 octaves/s). As will be described in the Discussion section, both
these comparisons were useful to our analyses.

Before imposing the AM signal on sweep carriers, the sweep
was filtered with the inverse of the headphone transfer function
to reduce amplitude envelope modulation cues induced by varia-
tions in the headphone’s frequency response as the carrier swept
through different frequency regions. The transfer function was
measured by presenting the 500 ms sweep through the head-
phones and measuring the headphone’s output at a sampling rate
of 44.1 kHz using a 6 cc coupler, 0.5-in. microphone (Brüel & Kjær
Model 4189), amplifier (Nexus, Brüel & Kjær), and a 16-bit A-to-D
converter (Creative Sound Blaster Audigy 2ZS). The temporal enve-
lope of the recorded output was then extracted using the Hilbert
transform and all sweep stimuli were multiplied with the inverse



Fig. 2. Thresholds for detection of AM in a frequency-sweep carrier as a function of AM rate and sweep frequency region. Data are shown for three individual subjects (S1�S3)
and their average (bottom-right panel). Error bars are ±1 standard deviation.
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of this envelope prior to presentation through headphones. Analy-
sis of the corrected waveforms showed that the amplitude enve-
lopes were flattened to within 0.5 dB of mean level across the
entire range of frequency sweeps tested.1 The stimulus level was
set to 60 dB SPL and this level was roved by plus and minus 10 dB
on each presentation to eliminate any concerns over potential subtle
loudness cues or discrimination of estimates of instantaneous inten-
sity in modulation troughs (Forrest and Green, 1987; Stellmack et al.,
2006). All stimuli had linear rise/decay times of 20 ms and were pre-
sented monaurally to the subject’s right ear.
2.1. Procedures

Three normal-hearing adults served as subjects. All subjects
were highly practiced in psychoacoustic experiments and were
additionally practiced on the various conditions of the experiment
for two hours prior to data collection. The experiment was run in a
block design in which the AM rate and sweep frequency region
were held constant within a run. Each subject completed 4 runs
per each experimental condition in a random-block design. Each
run consisted of 50-trials in a 2-interval forced-choice (2IFC), 2-
down 1-up adaptive design which tracks the subject’s 70.7% cor-
rect-response threshold (Wetherill and Levitt, 1965; Levitt, 1971).
1 This procedure corrects the transfer function at the output of the headphones, but
clearly not at the middle or inner ears which have their own unique transfer
functions. This correction, nonetheless, is an improvement over prior studies that
have used broad FM sweeps. Our goal here was simply to ensure that the acoustic
signal at the entrance of the ear canal was free from AM cues introduced by the
apparatus, and consider any subsequent AM cue introduced by the auditory system
itself, including those by the peripheral structures, to be a natural feature of
processing frequency sweeps.
On each trial of a run, two 500 ms FM sweeps were presented,
separated by an interstimulus interval of 300 ms. One of two inter-
vals was randomly selected on that trial to contain the AM signal,
and the subject’s task was to identify which of the two intervals
contained the signal. The subject then pressed a number key 1 or
2 to record their response. The initial depth of the AM signal was
set to 100% (i.e., m = 1 in Eq. (1)). Two successive correct responses
led to a reduction in modulation depth by a stepsize of 4 dB up to
the fourth reversal and 2 dB thereafter. An incorrect response led
to an increase in m by the same stepsize. The first 3 or 4 track-
reversals from each run were discarded and threshold was esti-
mated as the average of the stimulus values on the remaining
even-number of reversal. Usually, six to eight reversals went into
the calculation of each threshold. Visual feedback was provided
after each trial in two forms: first, a plot of the staircase response
(dB as a function of trial number) was shown on the monitor with
trial-by-trial update. Second, the interval that contained the signal
on that trial was identified by text on the monitor. All procedures
were approved by the University of California, Irvine’s Institutional
Review Board.
3. Results

Fig. 2 shows results for three subjects with their averaged per-
formance shown in the bottom-right panel. The abscissa shows AM
rate and the ordinate shows modulation depth. Each point for each
subject’s data is based on four threshold estimates and error bars
represent +/� 1 standard deviation. The filled symbols show data
for the 1–5 kHz sweep and the open symbols for the 5–9 kHz
sweep. Several trends are clear in these data. First, thresholds im-
prove by approximately 20 dB as the AM rate is increased from 8 to
128 Hz. Second, there is an interaction effect between modulation



Fig. 3. AM-detection thresholds for three pure-tone carriers of 1, 5, and 9 kHz and
two FM carriers sweeping from 1 to 5 and from 5 to 9 kHz. Top panel shows data for
detection of an 8-Hz AM signal and bottom panel for a 32-Hz AM. Data are averaged
from three subjects. Error bars are one standard deviation.

Fig. 4. AM-detection thresholds for bandpass noise carriers filtered either between
1 and 5 or 5 and 9 kHz. Top and bottom panels show data for 8 and 32 Hz AM rates
respectively. For comparison, thresholds for sweep carriers are also shown. Error
bars are one standard deviation.

2 Two of the subjects were the same as those who participated in the earlier part of
the study, and the third was a new participant who had extensive experience as a
subject in auditory experiments. This subject also ran in a subset of the original sweep
conditions to ensure proper comparison across conditions.
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rate and the sweep frequency region. At the lowest modulation
rate of 8 Hz, an FM that sweeps from 1 to 5 kHz produces higher
thresholds than one that sweeps from 5 to 9 kHz
(t(11) = 3.25, p < 0.01), whereas this trend reverses for the highest
modulation rates (significant at 128 Hz; t(11) = 4.51, p < 0.005). A
two-way (5 � 2) repeated-measures ANOVA showed a significant
effect of AM rate (F4,44 = 210.42, p < 0.001), a significant effect of
the sweep frequency region (F1,11 = 13.54, p < 0.005), and a signifi-
cant interaction effect between rate and frequency region
(F4,44 = 13.80, p < 0.001).

Fig. 3 shows AM-detection thresholds for three pure-tone carri-
ers of 1, 5, and 9 kHz modulated at 8 Hz (top panel) or 32 Hz (bot-
tom panel). Thresholds for the 1–5 and 5–9 kHz FM sweeps from
Fig. 2 are also shown for comparison. Each bar shows averaged
data from three subjects. Thresholds are significantly poorer when
subjects try to detect an AM signal in an FM sweep compared to a
stationary pure-tone carrier, particularly for the lower modulation
rate of 8 Hz. For an AM rate of 32 Hz, thresholds are still higher for
the FM sweep relative to those for pure-tone carriers, but this dif-
ference is not as large. We did not observe a significant difference
in thresholds across the three pure-tone conditions. A one-way
ANOVA on the data of the top panel of Fig. 3 (8–Hz AM) showed
a significant effect of carrier type, i.e., sweep vs. pure-tone
(F4,44 = 96.58, p < 0.001). A similar but smaller effect was also ob-
served for the 32-Hz condition shown in the bottom panel of
Fig. 3 (F4,44 = 9.55, p < 0.001).

Fig. 4 shows averaged thresholds for detection of AM in band-
pass noise carriers.2 For comparison, thresholds for FM sweeps are
also shown (black bars). Top and bottom panels show data for the
8 and 32 Hz AM rates respectively. The left set of bars in each panel
show data for the 1–5 kHz region, i.e., an FM that sweeps from 1 to
5 kHz or a noiseburst bandpass filtered between 1 and 5 kHz. Right
set of bars show data for the 5–9 kHz region. As with pure-tone car-
riers, detection of an 8-Hz AM in noise carriers is significantly easier
than AM detection in an FM sweep. A two-way ANOVA on the data of
the top panel showed a significant effect of carrier type
(F1,11 = 95.12, p < 0.001), but no significant effect of frequency region
(F1,11 = 1.96, n.s.) and no interaction effect (F1,11 = 3.66, n.s.). For the



Fig. 5. Thresholds for detection of AM in a frequency-sweep carrier as a function of AM rate and sweep frequency region. The two regions are equal-octave intervals. Data are
shown for three individual subjects and their average (bottom-right panel). Error bars are ±1 standard deviation.
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32-Hz AM signal (bottom panel) we found no significant effect of
carrier type (F1,11 = 0.83, n.s.), frequency region (F1,11 = 1.88, n.s.),
or interaction (F1,11 = 0.43, n.s.).

Fig. 5 shows results of the post hoc experiment in which the two
frequency ranges of interest were equal on an octave scale (1–1.8
and 5–9 kHz).2 Two trends are evident: first, the interaction effect
between modulation rate and frequency region has been elimi-
nated, and second, performance for the lower frequency region is
now superior to that for the higher frequency range. This is a rever-
sal of the trend observed in Fig. 2 at the lowest modulation rates.
5. Discussion

Our results show that detection of AM is significantly more dif-
ficult when the modulation signal is imposed on a dynamic carrier
that sweeps across wide frequency regions. This is particularly true
for lower AM rates. Given a fixed rate of frequency sweep, the low-
er AM rate of 8 Hz, for examples, results in less pronounced ampli-
tude envelope fluctuations within a given auditory filter, and hence
a less detectable signal relative to the higher modulation rate of
32 Hz. As the instantaneous frequency of a dynamic carrier sweeps
through the passband of auditory filters, the outputs of these filters
increase and then decrease in their amplitude envelopes. A slow
AM signal imposed on such filter output activity may be difficult
to distinguish from the within-channel amplitude envelope
changes associated with the FM sweep.

Fig. 6 shows outputs of a GammaTone auditory filter centered
on 3.1 kHz followed by a Meddis haircell model in response to dif-
ferent FM sweeps (Holdsworth et al., 1988; Meddis et al., 1990;
Slaney, 1998). Top-left panel shows this filter’s output in response
to an unmodulated (no AM) sweep from 1 to 5 kHz. Note the FM-
to-AM conversion as the sweep enters and exits the filter’s pass-
band. The middle-left panel shows the output of the same filter
when an 8-Hz sinusoidal AM (at 25% depth) is imposed on the
sweep. Note that the two filter outputs (top and middle left) are
nearly identical suggesting that detection of this low-rate AM
would be difficult in a sweep carrier. Bottom-left panel shows
the filter’s output in response to a 32-Hz AM (25% depth) imposed
on the FM-sweep carrier. Clearly, there is more fluctuation of the
filter’s output in response to this higher-rate AM. Middle- and bot-
tom-right panels show the same filter’s output in response to a 50%
depth AM with rates of 8 and 32 Hz respectively carried by the
same frequency sweep. We additionally calculated the correlation
coefficient between the envelopes of the filter’s outputs (shown in
red) for the no-AM sweep (top-left panel) compared to amplitude-
modulated frequency sweeps with various rates and depths of
sinusoidal AM. Because correlation coefficients are compressive
at high values (ceiling of 1) we normalized the coefficients using
Fisher’s r-to-z transform (z = [ln(1 + r)�ln(1�r)]/2; McNemar,
1969; Richards, 1987) and plotted the results in the top-right panel
of Fig. 6. The results are a family of curves that show a decline in
envelope correlation with increased AM rate and depth, consistent
with our data that shows smaller threshold differences between
stationary and sweep carriers as the AM rate is increased from 8
to 32 Hz (Figs. 3 and 4).

This analysis suggests that envelope correlation may provide a
potent cue to AM signal detection in FM sweeps. To quantitatively
analyze the patterns of change in AM-detection thresholds as a
function of AM rate, frequency region, and carrier type (sweep
vs. noise), we extended the previous single-channel correlation
analysis to predictions of a Modulation Filterbank Model (Dau
et al., 1996; Dau et al., 1997; Ewert and Dau, 2000). The model used
here consisted of a GammaTone filterbank with 30 logarithmically
spaced filters from 500 to 12,000 Hz, each of which was followed
by haircell-model processing. Temporal envelopes from each of



Fig. 6. Response of an auditory filter model with a resonant frequency of 3.1 kHz to a 1–5 kHz FM sweep. Top-left panel shows the filter’s response to a sweep without an AM
signal. Middle- and bottom-left panels show the filter’s response to the same sweep-carrier amplitude modulated at 8 or 32 Hz (25% modulation depth). Middle- and bottom-
right panels show this filter’s response to 8 and 32-Hz AM signals modulated at 50% depth. Red curves show envelopes of the filter’s response. Top-right panel shows the
correlation between filter-output envelopes of a no-AM sweep (from the top-left panel) and sweeps with various AM rates and depths. The correlation coefficients have been
transformed to z values (see text) (For interpretation of references to color in this figure legend, the reader is referred to the web version of this article.).
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30 outputs was extracted and filtered with a modulation filterbank
consisting of five filters with a Q of 1 and resonant frequencies of 4,
8, 16, 32, and 64 Hz.3 The single free parameter of the model was the
variance of internal noise. The noise was independently added to
each of the 30 � 5 outputs (30 peripheral filters � 5 modulation
filters).

A decision statistic was computed for a 2IFC design in which the
correlation between a template and the stimulus in each of the two
intervals was determined at the output of each modulation filter at
each peripheral filter. Following Dau et al. (1997), the template
waveform was the same as the signal (processed through the same
filterbank) but at a high signal-to-noise ratio (m = 1; plus internal
noise), i.e., a memory representation of the expected signal. A mul-
ti-dimensional correlation space was calculated separately for the
3 We originally started with 8 filters with center frequencies from 2 to 256 Hz, but
because our analysis was confined to AM rates of 8 and 32 Hz, and because our initial
analysis showed that the additional range of filter CFs has no effect on predictions, we
reduced the range of filter CFs to 4–64 Hz to reduce computational load.
signal and non-signal intervals. The decision statistic was based
on the integral of the correlation space across peripheral auditory
filters at the output of the modulation filter centered on the signal
modulation rate. For example, if the signal was a 32-Hz AM, the
correlation space at the 32-Hz modulation filter was integrated
across all peripheral filters, with the assumptions that subjects
would optimally monitor activity within the on-frequency modu-
lation channel in a signal-known decision model and select, as
the signal interval, that which had a larger correlation integral.
While other decision statistics may also be computed4, we selected
cross-correlation analysis as the optimal decision statistic (Dau et al.
1997; Green and Swets, 1966) and because it provided reasonable
predictions of the observed patterns of data.
4 Other decision statistics have been based on the ratio of max to min amplitude,
crest factor (envelope maximum scaled by the rms power), fourth moment (a
measure of fluctuation in envelope power), average slope, or other cues (Strickland,
2000; Eddins, 2001). A comparison of these decision statistics with the correlation
measure used here is beyond the scope of the present paper.
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Fig. 7 shows the correlation space, with a zero cross-correlation
lag, calculated for an FM carrier that sweeps from 1 to 5 kHz with
an AM signal of 8 Hz (top panels) and 32 Hz (bottom panels). Left
panels show the no-signal-interval condition, the middle panels
show the signal-interval conditions, and the right panels show
the difference between the signal and no-signal intervals. Note that
when the signal is 8 Hz, little difference is observed between the
Fig. 7. Correlation space from a modulation filterbank model, shown for no-signal interv
Top row shows results for an 8-Hz AM signal, and bottom row for a 32-Hz AM signal, b

Fig. 8. Same as Fig. 7 but for Gaussian noiseband c
signal and no-signal correlation patterns. There is substantial enve-
lope correlation at the outputs of low-frequency modulation filters
even in the no-signal intervals because, as described earlier, when
an FM stimulus sweeps through the passband of an auditory filter,
it generates a slow temporal modulation envelope, whether or not
the sweep carries an AM signal. The 8-Hz ripple observed in the
non-signal interval results from the 8-Hz modulation in the tem-
als (left panels), signal intervals (middle panels), and their difference (right panels).
oth carried by a 1–5 kHz sweep.

arrier bandpass filtered between 1 and 5 kHz.



Fig. 9. Left panels show predictions from an MFB model for sweep and noiseband carriers at two AM rates, and two frequency regions. The predicted patterns are similar to
those shown in Fig. 4, which are replotted here in the right panels to facilitate visual comparison.

16 I-Hui Hsieh, K. Saberi / Hearing Research 262 (2010) 9–18
plate. The small peak at 1-kHz extending across all modulation fil-
ters is caused by the stimulus onset.5 Bottom panels of Fig. 7 show
the same type of correlation space, but for an AM signal of 32 Hz.
Note that in this case, monitoring the output of the modulation filter
centered on the signal modulation rate will result in distinct correla-
tion patterns across the signal and non-signal intervals, and thus
substantially lower AM thresholds relative to the 8-Hz condition.

Fig. 8 shows the correlation space calculated for a noise carrier
bandpass filtered between 1 and 5 kHz. Markedly different correla-
tion patterns are observed for a noise carrier relative to the sweep
carrier, particularly when the AM signal is 8-Hz. Clearly, the pat-
tern in the no-signal interval can be more easily distinguished from
the 8-Hz signal-interval pattern when the carrier is a noise band.
Not surprisingly, the correlation patterns associated with a 32-Hz
signal interval also are significantly different than those of the cor-
responding no-signal interval when the carrier is a noise band.
Thus, the patterns shown in Figs. 7 and 8 are consistent with the
observed pattern of data, that an 8-Hz AM signal is significantly
more detectable in a noiseband carrier, and that a 32-Hz AM signal
is more easily detectable than an 8 Hz signal when carried by an
FM sweep.

Left panels of Fig. 9 show quantitative predictions from this
model for the data shown in Fig. 4 which are replotted here to facil-
itate comparison. We first describe the model’s predictions for the
5 Reversing the sweep direction, i.e. from 5 to 1 kHz, shifted this peak to the 5 kHz
region.
1–5 kHz frequency region (left set of bars in the top and bottom
panels). The variance of internal noise, which was the single free
parameter of the model, was adjusted such that threshold for the
FM sweep with an 8-Hz AM signal (top panel, left black bar)
equaled that observed in the data (approximately �8 dB at 71%
correct detection level). Each bar shows the model’s prediction
from a 5000-trial Monte Carlo simulation. The general trends in
the data are well predicted by the MFB model. Significant improve-
ment in performance is observed at 8 Hz when the carrier is
switched from a sweep to a noiseband. In addition, substantially
lower thresholds are obtained for a 32-Hz AM signal, and slightly
poorer thresholds are observed for the 32-Hz AM noiseband com-
pared to the 32-Hz AM carried by the FM sweep (bottom-left bars)
similar to that observed in the data of Fig. 4. While the model does
predict significant improvements for an 8-Hz AM noiseband, it
does underestimate the amount of improvement by a few dB.
Nonetheless, with a single free parameter, the patterns of change
in threshold are well captured by the model.

The right bars in the left panels of Fig. 9 show model predictions
for the 5–9 kHz region. An interesting finding was that the internal
noise parameter for this frequency region had to be adjusted to a
different value than that for the 1–5 kHz region. The parameter
was adjusted to anchor the 8-Hz sweep (top-left panel, right black
bar) to the empirically measured threshold of �10 dB. With this
one adjustment, similar patterns of performance were observed
in the 5–9 kHz region across stimulus conditions as those observed
for the 1–5 kHz regions and consistent with the trends seen in the
data. The ratio of low- to high-frequency internal noise magnitude
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estimated from the model was rL/rH = 1.85. That the variance of
internal noise had to be adjusted separately for the two frequency
regions suggests that either the noise that limits modulation infor-
mation received by the putative modulation filterbank from the
higher-frequency peripheral filters has a lower variance than the
noise in the lower peripheral channels, or that the slower sweep
rate on log frequency at the higher frequency region allows for bet-
ter detection of the modulation signal. Eddins (1999) has quite
convincingly shown that temporal resolution, measured using
AM detection, is independent of the frequency regions across a
wide region of the spectrum from 0.5 to 12.8 kHz, suggesting that
the limiting internal noise has a uniform magnitude across various
regions of the spectrum. This can easily be tested in the model by
comparing predictions for the 1–1.8 kHz sweep to that for the 5–
9 kHz sweep which cover an equal interval on an octave scale
and thus matched logarithmic sweep velocities. The ratio of the
low- to high-frequency region’s internal-noise magnitudes result-
ing in 71% correct detection in this latter case was remarkably
close to 1, rL/rH = 0.99, consistent with what would be predicted
from findings of Eddins (1999).

In summary, our findings show that the ability to detect AM in a
frequency-sweep carrier is poorer at low modulation rates by as
much as 20 dB relative to high rates (8 vs. 128 Hz). Furthermore,
at the low modulation rate of 8 Hz, thresholds for stationary-carri-
ers (e.g., noiseband) are substantially lower than that for sweep
carriers. This difference in AM detection ability across stationary
and dynamic carriers is eliminated as modulation rate is increased
to 32 Hz. This trend was predicted from a MFB model which sug-
gested that an FM sweep generates a slowly modulating envelope
at the outputs of peripheral auditory filters that causes modulation
masking at the outputs of low-frequency modulation filters. Inter-
estingly, prior studies using sinusoidal MM waveforms that have
examined the constructive summation of FM and AM cues have
shown that only for low-rate sinusoidal modulation (e.g., 4 Hz),
AM and FM cues that are separately subthreshold can be detected
in mixed modulation (Ozimek and Sek, 1987; Moore and Sek,
1992). This demonstrates summation of information at low but
not high modulation rates. An analysis of psychometric functions
measured for these waveforms has also suggested that the AM
and FM cues in slowly modulating MM sounds are not processed
independently (Moore and Sek, 1992). In a related study, Chi
et al. (1999) used a broadband complex that comprised 92 fixed-
frequency tones whose amplitudes were sinusoidally modulated
to study MM processing. While their stimuli did not contain con-
tinuous FM sweeps, they did simulate a ripple along time and dis-
cretized frequency space. Their results also suggested stronger
influence of modulation information on detection thresholds at
low modulation rates (i.e., a lowpass effect). All these prior findings
are, in general, consistent with our results and the idea that slowly
modulating amplitude envelopes, whether induced by an FM that
sweeps through a filter’s passband or is imposed on a stationary-
carrier, is extremely effective in masking a modulation signal. This
finding also has broader implications for processing complex natu-
ral sounds. Speech intelligibility, for example, is significantly af-
fected by information carried in low-rate (syllabic) temporal
envelope structures (Shannon et al., 1995; Drullman et al., 1994;
Saberi and Perrott, 1999), and low-rate AM cues are masked more
significantly by the temporal envelope modulation induced by FM
glides within auditory filters. Other trends in our data were also
predicted by the MFB model, including that of equal internal-noise
variances that limit AM detection at high and low frequency re-
gions. This latter finding is consistent both with results of Eddins
(1999) who has shown that AM detection is not dependent on car-
rier frequency, as well as with results of Moore and Sek (1994) who
have shown that MM cues are processed similarly at different car-
rier frequencies (1 kHz or 6 kHz). These findings, in general, pro-
vide insight into how modulation cues are processed in an
important class of acoustic signals, i.e., broadband directional
sweeps, and further validate existence of a putative second-order
modulation filterbank in the central auditory system.
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