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Frequency modulation (FM) is assumed to be detected through amplitude modulation (AM) created

by cochlear filtering for modulation rates above 10 Hz and carrier frequencies (fc) above 4 kHz. If

this is the case, a model of modulation perception based on the concept of AM filters should predict

masking effects between AM and FM. To test this, masking effects of sinusoidal AM on sinusoidal

FM detection thresholds were assessed on normal-hearing listeners as a function of FM rate, fc,
duration, AM rate, AM depth, and phase difference between FM and AM. The data were compared

to predictions of a computational model implementing an AM filter-bank. Consistent with model

predictions, AM masked FM with some AM-masking-AM features (broad tuning and effect of

AM-masker depth). Similar masking was predicted and observed at fc¼ 0.5 and 5 kHz for a 2 Hz

AM masker, inconsistent with the notion that additional (e.g., temporal fine-structure) cues drive

slow-rate FM detection at low fc. However, masking was lower than predicted and, unlike model

predictions, did not show beating or phase effects. Broadly, the modulation filter-bank concept suc-

cessfully explained some AM-masking-FM effects, but could not give a complete account of both

AM and FM detection.
VC 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
https://doi.org/10.1121/1.5094344

[VMR] Pages: 2277–2293

I. INTRODUCTION

Many natural sounds such as communication calls or

speech convey strong modulations in amplitude and frequency

(e.g., Steeneken and Houtgast, 1980; Hsu et al., 2004; Sheft

et al., 2012; Varnet et al., 2017). As for speech, frequency-

modulation (FM) cues correspond to relatively slow (<5 Hz)

fluctuations in the fundamental frequency that have been

shown to play a critical role in the ability to identify speech

when presented against concurrent speech sounds (Binns and

Culling, 2007). Consistent with this idea, there is evidence of

correlations between individual auditory sensitivity to FM at 2

or 5 Hz and speech-recognition capacities for normal-hearing

and hearing-impaired listeners when target speech is masked

by concurrent speech sounds (Ruggles et al., 2011; Johannesen

et al., 2015).

Over the last few decades, a wealth of psychophysical

studies were conducted to explore the low-level, auditory

mechanisms responsible for FM sensitivity. The general con-

sensus is that for low carrier frequencies (<1–4 kHz) and at

slow modulation rates (<5–10 Hz), FM detection relies

mainly on the use of temporal fine-structure (TFS) cues (for

a review, see Moore, 2014). These cues correspond to the

fast oscillations in instantaneous frequency evoked by FM

tones at the output of cochlear filters that are encoded via the

phase-locked activity of auditory neurons in the auditory

periphery or lower brainstem (Paraouty et al., 2018). For

higher carrier frequencies and at faster modulation rates, FM

detection is mainly based on the use of excitation-pattern

cues. These cues correspond to temporal-envelope cues

resulting from the differential attenuation produced by

cochlear filters (Zwicker, 1956; Saberi and Hafter, 1995).

These fluctuations are encoded by the changes in the mean

firing rate of auditory neurons, or in other words, by a

rate-place (tonotopic) code (Moore and Sek, 1995; Sek

and Moore, 1995; Moore and Sek, 1996; Paraouty et al.,
2018; for a recent review, see Ernst and Moore, 2010,

2012).

This two-mechanism theory based on TFS and

temporal-envelope cues explains, for instance, the specific

pattern of interference produced by an amplitude modulation

(AM) superimposed onto all stimuli when measuring

frequency-modulation detection thresholds (FMDTs) for the

same modulation rates (Moore and Sek, 1996; Paraouty

et al., 2016; Paraouty and Lorenzi, 2017; Paraouty et al.,
2018). The AM is intended to disrupt temporal-envelope

cues for FM detection by introducing fluctuations in excita-

tion level that are uninformative about the FM. Several stud-

ies (e.g., Moore and Sek, 1996; Ernst and Moore, 2010)

repeatedly showed that the added AM adversely affects

FMDTs and, for carrier frequencies below 4 kHz, the

adverse effect increases with increasing modulation rate,

consistent with the idea that temporal-envelope cues play a

greater role for higher modulation rates. For a carrier fre-

quency (fc) of 6 kHz, the adverse effect of the added AM is

similar for all modulation rates, consistent with the idea that,

for very high carrier frequencies, temporal-envelope cues

dominate for all modulation rates.a)Electronic mail: andrewk@dtu.dk
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This two-mechanism theory was recently challenged by a

correlational study investigating individual differences in FM

and AM sensitivity (Whiteford and Oxenham, 2015). The

outcome of this study based on a large cohort of 100 normal-

hearing participants showed that FMDTs were strongly corre-

lated with amplitude modulation detection thresholds

(AMDTs). However, correlations were not stronger between

psychophysical measures assumed to reflect the use of TFS

information (i.e., between slow-rate FM sensitivity and sensi-

tivity to interaural time differences), or between measures

assumed to reflect the use of temporal-envelope information

(i.e., fast-rate FM sensitivity and forward-masking patterns). A

follow-up study with listeners of a wider age range also con-

cluded that FM detection cannot be unambiguously ascribed to

TFS coding (Whiteford et al., 2017). These findings indicate

that further work is warranted to challenge the two-mechanism

theory proposed for FM detection.

The goal of the present study is to test the validity of this

theory by exploring systematically masking effects between

AM and FM using the framework of the modulation filter-bank

concept (Dau et al., 1997). Within this concept is the idea that

the auditory system is not only tuned in the audio frequency

domain, but also in the AM domain. Assuming this to be the

case, any masking created by AM on FM detection should be

explicable by the filtering effects caused by a modulation filter-

bank, thereby providing a unified account of AM and FM audi-

tory processing. For high carrier frequencies (>1–4 kHz) and

at all modulation rates, and for low carrier frequencies and at

rates faster than about 5–10 Hz, FM is assumed to be encoded

as AM (i.e., temporal-envelope cues). As indicated above, this

idea is supported by the repeated observation of an increase in

FMDTs when FM is presented with a sinusoidal AM at the

same rate or with an AM noise centered at the FM rate under

the stimulus configurations noted above (e.g., Moore and Sek,

1996; Ernst and Moore, 2010; Paraouty et al., 2016). If this

idea is correct, the masking effects between AM and FM

should follow closely the pattern described previously for

“AM-masking-AM” conditions (Houtgast, 1989; Bacon and

Grantham, 1989; Strickland and Viemeister, 1996; Ewert and

Dau, 2000) and show the following four important features:

(1) Frequency selectivity or “tuning” (Houtgast, 1989;

Bacon and Grantham, 1989; Strickland and Viemeister,

1996; Ewert and Dau, 2000; Lorenzi et al., 2001): The

greatest amount of AM (or modulation) masking typi-

cally occurs when the target AM rate is near the masker

AM rate. Importantly, modulation masking extends over

a fairly broad range, and the �3 dB bandwidth of the

masking patterns is about 1 octave.

(2) Effects of masking AM depth (Bacon and Grantham,

1989; Strickland and Viemeister, 1996): The greater the

modulation depth of the masker, the greater the modula-

tion masking. More precisely, modulation masking

grows linearly with the modulation index of the masker

(in dB versus dB).

(3) Phase effects (Bacon and Grantham, 1989; Strickland and

Viemeister, 1996; Lorenzi et al., 1999): AMDTs for a target

AM vary as a function of the masking AM phase when the

target AM rate is half or twice the masker AM rate. When

the target AM rate is half the masker AM rate, the functions

relating AMDTs to the target–masker phase difference have

two peaks. These results were found with noise carriers,

and it is still unclear whether pure-tone carriers would pro-

duce similar phase effects on AMDTs or not.

(4) Beating effects (Strickland and Viemeister, 1996;

Lorenzi et al., 2001; Millman et al., 2002): AMDTs

decrease (improve) abruptly when the masker AM rate is

only 2–4 Hz greater than target AM rate. This reduction

in modulation masking suggests that listeners use a low-

rate temporal-envelope beat cue (a cyclic increase and

decrease in the modulation depth due to the modulations

cyclically moving in and out of phase) when the differ-

ence in rate between the target and masker modulations

is small. The beat cue has a rate equal to this difference.

To test this, FMDTs were measured in several conditions

for a group of normal-hearing adult listeners. The first experi-

ment was designed to examine the tuning of masking and beat-

ing effects in the modulation domain. Here, FMDTs for a

sinusoidal FM were measured at modulation rates between 2

and 64 Hz for both a low (0.5 kHz) and a high (5 kHz) pure-

tone carrier. The carrier was either unmodulated in amplitude

or modulated sinusoidally in amplitude at 2 or 16 Hz at a mod-

ulation depth of 50%. To measure the use of beats between an

AM masker of 16 Hz with FM target of 14 and 18 Hz, two

stimulus durations were used (0.5 and 1 s), which provided 1 or

2 cycles of the 2-Hz beat, respectively. We reasoned that two

beat cycles should provide a better cue than one, thus produc-

ing more release from masking (as observed for AM-masking-

AM by Millman et al., 2002). The difference in masking

between these two duration conditions should reveal any beat-

ing effect. In addition, AMDTs for a sinusoidal AM were mea-

sured at modulation rates of 2, 4, 8, 16, and 32 Hz for both a

low (0.5 kHz) and a high (5 kHz) pure-tone carrier. Stimulus

duration was set to either 0.5 or 1 s.

The second experiment examined the effect varying the

masker modulation depth. This experiment repeated the first,

except with a masker modulation depth set at 25% and stim-

ulus duration set at 1 s. The third experiment examined the

effect of varying systematically the phase relationship

between the FM target and the AM masker in 45� steps.

Here, FMDTs for a sinusoidal FM were measured at two

modulation rates: 16 Hz with a 5 kHz pure-tone carrier mod-

ulated sinusoidally in amplitude at 8, 16, or 32 Hz; and 2 Hz

with a 0.5 kHz pure-tone carrier sinusoidally modulated in

amplitude at 2 or 4 Hz. The masker modulation depth was

fixed to 50%, and stimulus duration was set to 1 s.

It is important to note that if FM is encoded as AM at

high modulation rates and carrier frequencies, then the AM

induced by the FM would have a different phase to the FM,

depending on where (i.e., in which cochlear filter) the con-

version from FM to AM occurs. Exact parameters such as

this—and others such as the depth of the AM induced by the

FM—are unknown.

If FM is actually encoded as AM, it should be possible to

give a unified account of AM-masking-AM and AM-masking-

FM within the framework of the modulation filter-bank con-

cept (Dau et al., 1997). A computational model based on the
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modulation-filterbank concept and a template-matching deci-

sion strategy (Dau et al., 1997; Wallaert et al., 2017) was

developed to account for the FM data. The model incorpo-

rated stages simulating temporal-envelope processing by low-

level sensory mechanisms (cochlear filtering, instantaneous

amplitude compression, adaptation), mid-level processes

(bandpass AM filtering), and higher-level non-sensory pro-

cesses (internal noises, memory decay in the temporal-

envelope domain, and template matching). The model was

used to predict the effects of modulation rate, depth, stimulus

duration, and modulation phase on FMDTs in the presence of

an AM masker on the sole basis of temporal-envelope cues

resulting from FM-to-AM conversion at the outputs of the

cochlear filters. Therefore, the model was expected to produce

positive and quantitative predictions for the four features of

modulation masking detailed above.

In summary, in the conditions for which FM is assumed to

be encoded using a temporal-envelope code, the general fea-

tures of AM-masking-AM listed above were expected (mask-

ing, tuning, beating, depth, and phase effects). However, for

the conditions in which FM is assumed to be encoded using a

temporal fine structure code (slow-rate FM and low fc), little

masking between AM and FM, if any, was expected.

II. EXPERIMENT 1

A. Methods

1. Listeners

Ten listeners (seven female) between 20 and 30 years old

(mean 25.3 years) participated. Audiometric thresholds were

tested at 0.25, 0.5, 1, 2, 4, 6, and 8 kHz using a Madsen Itera

II (Otometrics, Taastrup, DK) audiometer, following the rec-

ommended procedure of the British Society of Audiology

(British Society of Audiology, 2011). All listeners had audio-

metric thresholds at or below 20 dB hearing level (HL), for

both ears, at all frequencies tested. All listeners also had pure-

tone absolute thresholds of less than 20 dB sound pressure

level (SPL) at 0.5 and 5 kHz (see below). Listeners were

recruited through a national research participation database

(the Relais d’information sur les sciences de la cognition) and

from the students and staff of the laboratory, including the

first author (S01). All participants gave informed consent. The

study was approved by the local ethical committee of

University Paris Descartes (IRB 20143200001072).

A priori power analysis, based on an effect size similar

to the release from modulation masking due to beating

between the target and masker found by Millman et al.
(2002) suggested a sample size of ten listeners should

achieve a statistical power of 0.8.

2. Stimuli

All stimuli were generated digitally at a sample rate of

48 kHz using MATLAB R2013b (The Mathworks, Natick, MA)

and, using the built-in “audioplayer” command, sent to an

audioengine D3 digital-to-analog audio converter (Austin,

TX) for conversion at a bit depth of 224. The analog signals

were presented to listeners with Sennheiser HD600 head-

phones (Old Lyme, CT) within a double-walled sound-proof

booth via a wall patch. HD600 headphones have a diffuse-

field equalized frequency response. Hence the response is

not flat across frequency, but varies smoothly. These varia-

tions in level across frequency could transform FM into AM

before the stimulus even reaches the ear. Fluctuations in

level with frequency were measured with a sound level

meter (Br€uel and Kjær type 2250) and an artificial ear (Br€uel

and Kjær type 4153) with pure tones at 0.5 and 5 kHz modu-

lated in frequency at 0.1 Hz. The slow FM rate allowed the

temporal integration window of the sound level meter to

update (at a rate of 1 Hz) as the FM tone changed in fre-

quency. Deviations in level were tested at frequency excur-

sions well above threshold and approximately around

threshold (610% and 60.5% of the fc, respectively). For fre-

quency excursions of 610% of the fc, level deviations were

0.9 and 1.2 dB for fc¼ 0.5 and 5 kHz, respectively. For fre-

quency excursions of 60.5% of the fc, level deviations were

0.1 dB for both carrier frequencies.

Absolute thresholds for the detection of 0.5 and 5 kHz

pure tones (the carrier frequencies used for the modulation

detection tasks) were tested by a 3-interval, 3-alternative

forced-choice (AFC) detection task. The 3-AFC task con-

sisted of two intervals of silence and one containing a tone at

an adaptively tracked level, all in a random order. The inter-

vals were 300 ms separated by 300 ms pauses. The tones had

20 ms raised-cosine ramps.

Sinusoidal AM and FM detection were tested with two

signal durations, 0.5 and 1 s, in a 2-interval, 2-AFC task. The

target and reference intervals were randomly ordered. Stimulus

intervals were onset and offset with 20 ms raised-cosine ramps.

The inter-stimulus interval was 400 ms and there was a 350 ms

interval between the participant response and the beginning of

the next trial. The signals were equalized by their root-mean-

square (rms) amplitude, and played out of the right headphone

at level that randomly varied (uniform distribution) around

60 dB SPL by 6 3 dB between intervals and across trials.

AM tones were generated by the formula given in

Eq. (1),

AM tone ¼ 1þ 10m=20 sin ð2pfAMtþ UAMÞ
h i

� sin ð2pfctþ uÞ; (1)

where m is the AM depth in dB (re 100% modulation), fAM is

the AM rate in Hz, t is the time-sample vector, UAM is the

modulation phase, and u is the carrier phase. For AM detec-

tion, m was adaptively tracked to obtain the threshold (refer-

enced to a pure tone at the same fc, see Sec. II A 3), whilst

fAM was 2, 4, 8, 16, or 32 Hz, UAM varied randomly

[U(0,2p)] on each trial, fc was 0.5 or 5 kHz, and u was varied

randomly [U(0,2p)] on every stimulus (i.e., different for tar-

get and reference).

FM tones were generated by the formula given in Eq. (2),

FM tone ¼ sin 2pfctþ uþ ðDf=fFMÞ½
� sinð2pfFMtþ UFMÞ�; (2)

where Df is the frequency excursion from fc (in Hz) and fFM

is the FM rate in Hz, and UFM is the modulation phase. For
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FM detection without AM, Df was adaptively tracked (also

referenced to a pure tone at the same fc). fFM was 2, 4, 8, 14,

16, 18, 32, or 64 Hz, fc was 0.5 or 5 kHz, and UFM was varied

randomly [U(0,2p)] on each trial and u was varied randomly

[U(0,2p)] on every stimulus.

For FM detection with AM masking, the stimuli were

created by the formula in Eq. (3),

AM–FM tone ¼ 1þ 10m=20 sin ð2pfAMtþ UAMÞ
h i

� FM tone; (3)

where FM tone is derived from Eq. (2). The target combined

AM–FM tone had a fAM of either 2 or 16 Hz, an m of

�6.02 dB (50%), an fFM of 2, 4, 8, 14, 16, 18, 32, or 64 Hz,

and an fc of 0.5 or 5 kHz. In the target stimulus, the UAM and

UFM were equal {which randomly varied [U(0,2p)] on each

trial}, whilst u varied randomly [U(0,2p)] on every stimulus

(both target and reference). Again, Df was adaptively

tracked, but this time referenced to an AM tone [using Eq.

(1)] at the same fc, fAM, m, and UAM as the target stimulus.

3. Procedure

The 3-AFC absolute detection and 2-AFC modulation

detection tasks were conducted in the MATLAB environment

using the psychoacoustics framework AFC (version 1.40.1;

Ewert, 2013). Thresholds were estimated with adaptive stair-

cases that attempted to converge on 71% correct detection

using transformed 2-down, 1-up method (e.g., Levitt, 1971).

Two consecutive correct responses resulted in a reduction in

the dependent variable (DV) for the subsequent trial, whereas

any incorrect response resulted in an increase in the DV for the

subsequent trial (up to maximum limits). Listeners were given

visual feedback after each trial. If the maximum limit was

reached three times in any given staircase, that staircase was

terminated and skipped. The maximum limit was 0 dB for AM

detection and 10% of the fc for FM detection. This happened

once each for P02 and P04 in the training block for FM detec-

tion with AM masking, once each for P04 and P07 in the AM

detection training block, and once for S08 during the AM

detection main, test block. Although skipped tracks were not

repeated, multiple staircases (no fewer than three, including

training) were completed for each condition.

For the absolute detection task, listeners were instructed

to select the interval containing the tone. The DV (stimulus

level) started at 45 and 50 dB SPL for 0.5 and 5 kHz, respec-

tively. Step sizes for increments and decrements of level

were 8 dB until the first reversal from increments to decre-

ments, and then 2 dB for six reversals thereafter. The mean

level of these last six reversals was taken as the threshold.

For the AM detection task, listeners were instructed to

select the interval containing the modulation or fluctuation

in amplitude. The DV (m) started at �6 dB for all conditions.

Step sizes for increments and decrements of m were 4 dB

until the first reversal from increments to decrements, then

2 dB for two more reversals, and 1 dB for eight reversals

thereafter. The mean of m at these last eight reversals was

taken as the threshold.

For the FM detection tasks (with and without AM mask-

ing), listeners were instructed to select the interval contain-

ing the fluctuation in pitch. The DV (Df) started at 4% of the

fc (20 and 200 Hz for 0.5 and 5 kHz carriers, respectively).

Step sizes for increments and decrements of frequency

excursion were multiplicative factors of 1.58 until the first

reversal from increments to decrements, then 1.26 for two

more reversals, and 1.12 for eight reversals thereafter. The

geometric mean of Df at these last eight reversals was taken

as the threshold.

Listeners completed one staircase for each condition as

training (totaling 116 staircases), beginning with AM detec-

tion, then FM detection without AM maskers, and finally

FM detection with AM maskers. For each task, the condi-

tions were randomly ordered. After this, listeners completed

three staircases for each condition of each task. The AM

detection task was completed first and the FM detection sec-

ond, with the conditions with and without AM maskers

mixed together in a random order. For each task, all condi-

tions were presented before any condition was repeated.

The experiment took listeners approximately 25 h to

complete, over multiple sessions. Sessions were generally

between 1.5 and 2 h long and could be stopped at the end of

any staircase. Each session began with two absolute thresh-

old staircases, one at 0.5 kHz and one at 5 kHz, both in the

right (test) ear, to ensure that the listener’s hearing had not

changed substantially between sessions (e.g., due to recent

noise exposure). The non-training sessions also included a

warm-up staircase of the current modulation detection task,

after the two absolute threshold staircases.

B. Results

1. AM detection thresholds

As plotted in the upper two panels of Fig. 1, mean AMDTs

were very similar for fc¼ 0.5 kHz and fc¼ 5 kHz. The thresholds

were highest (worst) for the 2-Hz AM rate for both 1.0-s

(�17 dB) and 0.5-s (�11 dB) duration. For 0.5-s stimuli,

AMDTs decreased from �18 dB at 4 Hz to �22 dB at 8 Hz,

then remained constant up to 32 Hz. For 1-s stimuli, AMDTs

were relatively constant at�24 dB from 4 to 32 Hz. AMDTs for

the 1-s duration were better than threshold for the 0.5-s duration

and this was most pronounced at 2 and 4 Hz. For instance, at

2 Hz two modulation cycles, rather than one, detection improved

by 6 dB. A repeated-measures analysis-of-variance (ANOVA)

of the AMDTs with factors for AM rate, duration and fc con-

firmed significant effects of both AM rate [F(4,36)¼ 68.16,

p< 0.001, gp2¼ 0.88] and duration [F(1,9)¼ 184.01, p< 0.001,

gp2¼ 0.95] and a significant interaction between them

[F(4,36)¼ 41.59, p< 0.001, gp2¼ 0.82]. There was no signifi-

cant effect of fc [F(1,9)¼ 1.20, p¼ 0.30, gp2¼ 0.12] and none

of the interactions with fc were significant.

2. FM detection thresholds

In Fig. 1, the second row (from top) of panels shows the

group-mean FMDTs for the conditions without AM applied

to the carrier stimulus. Geometric mean FMDTs generally

ranged from 0.005 to 0.012 peak-to-peak deviations as a
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proportion of fc. In contrast with the AM data, mean FMDTs

were different for the two carrier frequencies. They were

generally higher when fc¼ 0.5 kHz than when fc¼ 5 kHz.

For fc¼ 0.5 kHz and the 1-s duration, FMDTs slightly

increased with FM rate. For fc¼ 0.5 kHz, and the 0.5 s dura-

tion, FMDTs were roughly constant across FM rates.

FMDTs also remained roughly constant across FM rates for

fc¼ 5 kHz and the 1 s duration. For fc¼ 5 kHz and the 0.5 s

duration, FMDTs decreased with increasing FM rate up to

8 Hz. Across all FM rates, and for both carriers, FMDTs

were higher for the 0.5-s duration stimuli than for the 1-s

stimuli. This difference was more pronounced at lower FM

rates than at higher FM rates.

The third row of panels of Fig. 1 shows the group-mean

FMDTs with a 2-Hz AM masker applied to the carrier.

Again, FMDTs were generally higher when fc¼ 0.5 kHz

than when fc¼ 5 kHz. Above an FM rate of 16 Hz, FMDTs

are similar to those without an AM masker, but below 14 Hz,

FMDTs increase with decreasing FM rate and are elevated

compared to those without an AM masker. This change in

thresholds with FM rate is relatively equal for both stimulus

durations. However, due to the difference in thresholds

between 0.5- and 1-s stimulus durations at slow FM rates

without an AM masker, the masking observed at 2 and 4 Hz

FM rates is greater for the 1 s than the 0.5 s duration. This

can be seen more clearly in the top two panels of Fig. 2,

where the ratios of thresholds with a 2-Hz AM masker

(FMwAM) to thresholds without AM masking (FMnoAM) are

plotted in a similar format to Fig. 1. These data (in the top

panels of Fig. 2) also show masking is strongest at 2- and 4-

Hz FM rates (ratios around 1.9 for 1-s stimuli and 1.4 for

0.5-s stimuli) and disappears above 14 Hz. The horizontal

gray dashed lines at a ratio of 1 mark the point of no mask-

ing, i.e., thresholds with and without AM are equal.

The bottom row of panels of Fig. 1 show the FMDTs

with a 16-Hz AM masker applied to the carrier. Again,

FMDTs were generally higher when fc¼ 0.5 kHz than when

fc¼ 5 kHz. However, this is most pronounced at or above an

FM rate of 8 Hz. FMDTs peaked at FM rates of 16 to 32 Hz

at values of approximately 0.03 for fc¼ 0.5 kHz and 0.015

for fc¼ 5 kHz. Below an FM rate of 8 Hz, FMDTs were

lower for 1 s stimuli than the 0.5 stimuli, but at 8 Hz and

above, FMDTs were similar for both stimulus durations. The

bottom two panels of Fig. 2 show the ratios of the thresholds

with a 16-Hz AM masker to thresholds without AM mask-

ing. They show that masking peaked at an FM rate of 16 Hz,

with a peak ratio of about 2.8 to 3. There was little effect of

duration for fc¼ 0.5 kHz and slightly more masking for 1-s

duration stimuli than 0.5-s duration stimuli for fc¼ 5 kHz.

An ANOVA with four factors was performed on the

log-transformed thresholds (2Df divided by the fc) using the

afex R-package (Singmann et al., 2017). The factors were

[FM rate (8 levels: 2, 4, 8, 14, 16, 18, 32, and 64 Hz); fc (2

levels: 0.5 and 5 kHz); stimulus duration (2 levels: 0.5 and

1 s); and AM masker rate (3 levels: 0, or no AM, 2, and

16 Hz)], with all interactions included in the model (type III

sum of squares). The main effects of fc, stimulus duration

and AM masker rate were all significant [fc: F(1,9)¼ 38.44,

p< 0.01, gp2¼ 0.81; duration: F(1,9)¼ 56.16, p< 0.001,

gp2¼ 0.86; AM masker rate: F(1,9)¼ 164.87, p< 0.001,

FIG. 1. AMDTs (top row), FMDTs without AM masking (second row from

top), FMDTs with a 2-Hz AM masker (third row from top), and FMDTs with a

16-Hz AM masker (bottom row) plotted as a function of modulation rate, for

stimuli of 0.5 s (diamonds) and 1 s (squares) durations and a carrier frequency

(fc) of 0.5 kHz (left) and 5 kHz (right), with 61 standard error (SE) bars.

FIG. 2. Masking patterns by FM rate, for a 2-Hz AM masker (top) and a 16-

Hz AM masker (bottom). Masking defined as FMDTs with an AM masker

(modulation depth¼ 50%) divided by FMDTs without an AM masker.

Symbols are as in Fig. 1 with 61 SE bars.
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gp2¼ 0.95]. FMDTs were generally higher with an fc of 0.5

than 5 kHz, generally higher with a stimulus duration of 0.5

than 1 s, and generally lowest with no AM masker and highest

with a 16-Hz AM masker. However, these main effects are

marginal to several significant interactions. Namely, the two-

way interactions between each of these factors and the effect of

FM rate [fc*FM rate: F(7,63)¼ 10.02, p< 0.001, gp2¼ 0.53;

duration*FM rate: F(7,63)¼ 8.50, p< 0.001, gp2¼ 0.49; AM

masker*FM rate: F(14 126)¼ 56.64, p< 0.001, gp2¼ 0.86]

and the interaction between AM masker rate and duration

[F(2,18)¼ 15.30, p< 0.01,gp2¼ 0.63]. The latter three interac-

tions were in turn marginal to the three-way interaction

between AM masker, duration and FM rate [F(14 126)¼ 2.76,

p< 0.05, gp2¼ 0.23]; duration appears to have more of an

effect without an AM masker for slower FM rates than faster

ones, whereas with a 2-Hz AM and a 16-Hz AM there is little

effect of duration, particularly when AM and FM rate are close

(where masking is greatest). However, regardless of duration,

the FM rate at which thresholds are greatest clearly depends on

the rate of the AM masker. The main effect of FM rate just

failed to be significant [F(7,63)¼ 3.03, p¼ 0.057, gp2¼ 0.25]

and all other interactions were not significant.

The masking patterns, particularly for the 1-s stimuli,

exhibited tuning; in other words, for both AM masker rates,

masking culminated when FM and AM-masker rates are

equal. However, this tuning is relatively broad at both AM

masker rates; masking decreased by half only when AM and

FM rates differed by one or two octaves. Masking at the

masker rate was greater for the 16-Hz AM masker than for

the 2-Hz AM masker. An ANOVA of the log-transformed

masking ratios for the on-frequency conditions only

(fFM¼ fAM¼ 2 or 16 Hz) found a significant difference

between the two masker rates [F(1,9)¼ 39.94, p< 0.001],

and a significant effect of duration [F(1,9)¼ 26.22,

p< 0.001], but no significant effect of fc or any significant

interactions.

In summary, these analyses revealed significant masking

between AM and FM. As expected, the masking was broadly

tuned. Analyses also revealed greater masking for a 16-Hz

AM-masker rate than a 2-Hz rate, and greater masking for

the longer stimulus duration. Inconsistent with our initial

expectations, these masking patterns were similar across the

low and high carrier frequencies.

3. Beating effects

A release from masking was expected for the conditions

with fAM¼ 16-Hz, if the 2-Hz beat occurring between the 14-

and 18-Hz FM and the 16-Hz AM masker facilitated detec-

tion of the FM target. In particular, it was expected to pro-

duce greater release from masking for the 1-s duration

stimuli than the 0.5-s duration. Figure 2 shows that masking

was not greatly reduced at FM rates of 14 and 18 Hz, com-

pared to masking at 8, 16, or 32 Hz, for either stimulus dura-

tion or fc. A three-way ANOVA was performed on the (log-

transformed) masking ratios when fAM¼ 16 Hz, with factors

of fc (0.5 and 5 kHz), duration (0.5 and 1 s) and FM rate (14,

16, and 18 Hz). It showed no significant effect of FM rate

[F(2,18)¼ 0.23, p¼ 0.80, gp2¼ 0.02]. There was a

significant effect of duration [F(1,9)¼ 7.13, p< 0.05,

gp2¼ 0.44], but this appears to only occur for fc¼ 5 kHz,

where masking was generally less for the 0.5-s duration

across FM rates than the 1-s duration. The significant inter-

action between fc and duration corroborates this

[F(1,9)¼ 26.96, p< 0.001, gp2¼ 0.75]. No other interac-

tions were significant. In summary, in contrast to our initial

expectations, the interaction between AM and FM did not

produce beating effects that reduced masking when AM and

FM are very close in rate, even for the conditions in which

FM is assumed to be encoded using a temporal-envelope

code.

III. EXPERIMENT 2: EFFECTS OF AM-MASKER DEPTH

In order to test whether the masking of FM by AM fea-

tured a dependency on the masker AM depth, a subset of lis-

teners also performed FM detection across the same range of

FM rates and the same fc (0.5 and 5 kHz), but with the 2- and

16-Hz AM maskers at 25% depth, rather than 50%. The

hypothesis was that more masking would be observed with a

50% AM masker depth than a 25% AM masker depth.

Furthermore, this effect was expected to predominantly hap-

pen when the FM and AM rates were equal and less when

the rates are very different.

A. Methods

1. Listeners

The subset consisted of five listeners (three female)

between 23 and 30 years old (mean 26.8 years) from experi-

ment 1, namely, S06, S07, S08, S09, and S10.

2. Stimuli and procedure

The listeners in experiment 2 performed 32 conditions of

FM detection with AM masking supplementary to those of

experiment 1. These extra conditions were intermingled in a

randomized order with the FM detection with AM masking

conditions from experiment 1, including in the initial training,

in order to minimize practice effects. These extra conditions

had the same parameters as those in experiment 1, except that

m in Eq. (3) was fixed to �12.04 dB (re. 100% modulation;

i.e., 25%) rather than �6.02 dB, and only a single stimulus

duration was tested (1 s) because in experiment 1 the masking

was greater for 1 than for 0.5 s. This was mostly because the

baseline (i.e., FM detection without AM imposed on the car-

rier) FMDTs were lower for 1 than 0.5 s. The procedure was

identical to that described for experiment 1.

B. Results

Figure 3 shows the effect of AM masker depth on the

masking patterns for FM detection. The panels and their

ordinates follow those of Fig. 2. The masking patterns for

50% masker AM depth are the means for the five subjects

who completed experiment 2, so they are slightly different

from the means in Fig. 2, but allow for a comparison of

masking patterns across masker AM depth that is balanced

across subjects.
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The masking patterns for 25% masker AM depth clearly

show less masking than those for 50% masker AM depth.

However, they do exhibit similar form. For 16-Hz masker

AM, the peak of the masking function is approximately

16 Hz. For 2 Hz, the masking for 25% masker AM depth is

minimal throughout as a function of FM rate. A four-way

ANOVA was performed on the log-transformed masking

ratios (FMwAM / FMnoAM) with factors of FM rate (2, 4, 8,

14, 16, 18, 32, or 64 Hz), AM rate (2 or 16 Hz), AM-masker

depth (25 or 50%) and fc (0.5 or 5 kHz). It showed a signifi-

cant effects of masker depth [F(1,4)¼ 95.48, p< 0.01,

gp2¼ 0.96] and AM rate [F(1,4)¼ 47.98, p< 0.01,

gp2¼ 0.92] and a significant interaction between the two

[F(1,4)¼ 94.62, p< 0.01, gp2¼ 0.96]. It appears that there is

a greater difference in masking ratios between 25 and 50%

masker modulation depths for the 16-Hz masker than the 2-

Hz masker. There was no significant effect of fc nor FM rate.

However, FM rate interacted with AM rate [F(7,28)¼ 35.26,

p< 0.001, gp2¼ 0.90] and masker depth [F(7,28)¼ 2.55,

p< 0.05, gp2¼ 0.39], although the latter interaction was not

significant after Greenhouse-Geisser epsilon correction for

lack of sphericity (p¼ 0.12). This was also true for the three-

way interaction between fc, AM rate and FM rate

[F(7,28)¼ 3.11, p< 0.05, gp2¼ 0.44; G-G epsilon correction

p¼ 0.08]. The two significant interactions (masker depth by

AM rate and FM rate by AM rate) were marginal to the sig-

nificant three-way interaction between masker depth, AM

rate and FM rate [F(7,28)¼ 8.62, p< 0.001, gp2¼ 0.68].

Figure 3 suggests that the effect of masker depth varies in

strength across FM rates, and is greatest when the FM rate is

at or close to the AM masker rate, as hypothesized. Whilst

this appears to be the case more for the 0.5-kHz fc than the

5-kHz fc, the four-way interaction was not significant

[F(7,28)¼ 0.98, p¼ 0.46, gp2¼ 0.20]. However, with a sam-

ple of only five listeners, there was likely a lack of sufficient

power for testing a four-way interaction (observed

power¼ 0.345).

In order to compare the effect of 25%-depth and 50%-

depth AM maskers (at both 2 and 16 Hz) on FMDTs against

FMDTs without an AM masker—which creates a nested

experimental design—the data were split by AM rate for

analysis of AM-masker depth against the no-AM-masker

conditions. No corrections were made for the increase in the

chance of a type-I error. One ANOVA was performed for

the 2-Hz AM masker conditions and another for the 16-Hz

AM masker conditions, both with three factors: AM-masker

depth (two levels: 25 and 50%), FM rate (eight levels: 2, 4,

8, 14, 16, 18, 32, and 64) and fc (two levels: 0.5 and 5 kHz).

The main effect of masker depth was significant for both

AM rates [For 2 Hz: F(2,8)¼ 23.91, p< 0.01, gp2¼ 0.85;

and for 16 Hz: F(2,8)¼ 83.53, p< 0.001, gp2¼ 0.95]. For

the 2-Hz AM masker, consecutive comparisons suggest that

FMDTs with a 25% masker AM depth were, when averaged

over FM rates and fc, marginally significantly higher than

FMDTs without an AM masker [t(8)¼ 2.95, p¼ 0.033], and

that thresholds with a 50% masker AM depth were signifi-

cantly higher again those with a 25% masker AM depth

[t(8)¼ 3.94, p< 0.01]. For the 16-Hz AM masker, FMDTs

with a 25% masker depth were significantly higher than

those with no AM masker [t(8)¼ 7.35, p< 0.001], and

thresholds with a 50% masker AM depth were, in turn, sig-

nificantly higher again than those with a 25% masker AM

depth [t(8)¼ 5.53, p< 0.01]. The effect of FM rate was sig-

nificant for the 16-Hz AM ANOVA [F(7,28)¼ 7.05,

p< 0.001, gp2¼ 0.64], but not for the 2-Hz AM ANOVA

[F(7,28)¼ 2.07, p¼ 0.24, gp2¼ 0.34]. Although it is not

valid to compare these tests across ANOVAs, an interaction

between the effects of AM rate and FM rate has already

been shown in experiment 1 and for the masking ratios tested

above. The interactions between the effect of masker depth

and FM rate were significant [For 2 Hz: F(14,56)¼ 7.42,

p< 0.001, gp2¼ 0.65; for 16 Hz: F(14,56)¼ 7.44, p< 0.001,

gp2¼ 0.65]. For both 2- and 16-Hz AM maskers, FMDTs

increase with masker depth more at some FM rates than at

others. The effect of fc was not significant for either

ANOVA [2 Hz: F(1,4)¼ 14.87, p¼ 0.07, gp2¼ 0.79; 16 Hz:

F(1,4)¼ 7.79, p¼ 0.15, gp2¼ 0.66], but for both ANOVAs

the effect of fc interacted with the effect of FM rate [for

2 Hz: F(7,28)¼ 4.39, p< 0.05, gp2¼ 0.52; for 16 Hz:

F(7,28)¼ 4.19, p< 0.05, gp2¼ 0.51]. The interactions

between the effect of fc and masker depth and the three-way

interactions were not significant for either ANOVA.

To summarize, consistent with our initial expectations,

increasing the depth of the AM masker increased the mask-

ing between AM and FM. Surprisingly, an effect of AM

depth was observed even in conditions in which FM is not

assumed to be encoded by a temporal-envelope code.

IV. EXPERIMENT 3: EFFECTS OF FM-AM PHASE
RELATIONSHIP

FMDTs with AM masking were measured as a function

of the phase difference between the FM and AM. Following

the design of Strickland and Viemeister (1996), thresholds

were tested with the AM masker modulation rate at half the

target FM rate, the same rate, and twice the target FM rate.

FIG. 3. Masking patterns by FM rate for an AM masker depth of 50% (open

squares) and 25% (filled squares). Stimulus duration was 1 s. Panel layout is

as in Fig. 2 with 61 SE bars.
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Due to timing constraints, the design was not fully factorial.

Instead, listeners were tested for phase effects on masking in

two combinations of FM rate and fc only, namely, a 2-Hz

FM and 0.5 kHz fc (for which FM is assumed to be encoded

by a temporal-fine-structure code) versus a 16-Hz FM and

5 kHz fc (for which FM is assumed to be encoded by a

temporal-envelope code). However, four of the six listeners

were also tested with a combination of 2-Hz FM and 5 kHz

fc for comparison between the carrier frequencies at a slow

FM rate on one hand, and between fast and slow FM rates

for a high fc on the other.

A. Methods

1. Listeners

Another subset of six listeners (five female) between 20

and 28 years old (mean 23.8 years) from experiment 1,

namely, S01, S02, S03, S04, S05, and S06, completed exper-

iment 3.

2. Stimuli and procedure

The stimuli were created according to Eqs. (2) and (3)

in Sec. III A 2. However, the starting phase of the FM [UFM

in Eq. (2)] was either 0�, 45�, 90�, 135�, 180�, 225�, 270�, or

315�. The AM starting phase [UAM in Eq. (3)] was always

0�. For example, for equal FM and AM rates, an FM starting

phase of 180� would produce an upper frequency excursion

limit (fcþDf) at the trough of the AM cycle and a lower fre-

quency excursion limit (fcDf) at the peak of the AM cycle.

Again, fc was either 0.5 or 5 kHz with a starting phase u var-

ied randomly [U(0,2p)] on every stimulus. When fc was

0.5 kHz, the FM rate was always 2 Hz and the AM rate was

either 2 or 4 Hz. When the fc was 5 kHz, the FM rate was

always 16 Hz and the AM rate was 8, 16, or 32 Hz.

Therefore, fc and FM rate co-varied and were not analyzed

separately. The tracking procedure and step sizes were the

same as those described for FM detection with an AM

masker in experiments 1 and 2. The order of conditions was

randomized. However, listeners S01, S04, S05, and S06 also

completed further conditions with an fc of 5 kHz, FM rate of

2 Hz and AM rates of 2 and 4 Hz in a separate testing session

at a later date. Masker m was fixed at �6.02 dB and stimulus

duration was fixed at 1 s.

B. Results

The FMDTs as frequency excursion proportional to fc
are plotted in Fig. 4. There was a trend for more masking at

90� (FM re. AM) than at 0�, 225�, 270�, and 315� when both

FM and AM rate ¼ 16 Hz and fc¼ 5 kHz. In the remaining

conditions, there was little effect of phase if any on the

masking of AM on FM detection. A three-way ANOVA

with factors of phase (eight levels), FM rate and fc (two lev-

els: 2-Hz FM with 0.5 kHz fc, and 16-Hz with 5 kHz fc) and

AM rate (two levels: equal to fFM, and double fFM) was per-

formed on the log-transformed FMDTs. The main effects of

phase, FM rate and AM rate were not significant. The two-

way interactions between phase and FM rate and between

phase and AM rate were not significant. The two-way

interaction between FM and AM rate was significant

[F(1,5)¼ 11.48, p< 0.05, gp2¼ 0.70]. For the 2-Hz FM rate

(and fc¼ 0.5 kHz), thresholds were generally lower with an

AM rate of 2 Hz than of 4 Hz, whereas the for 16-Hz FM

rate (and fc¼ 5 kHz), thresholds were generally higher with

an AM rate of 16 Hz than of 32 Hz. The three-way interac-

tion between phase, FM rate and AM rate was significant

[F(7,35)¼ 4.6, p< 0.001, gp2¼ 0.48). To interpret this, two

separate two-way ANOVAs were conducted: one for

fFM¼ 2 Hz (or fc¼ 0.5 kHz) with factors of phase (8 levels)

and AM rate (2 levels: 2 and 4 Hz), and one for fFM¼ 16 Hz

(or fc¼ 5 kHz) with factors of phase (8 levels) and AM rate (3

levels: 8, 16, and 32 Hz). The main effects of phase and AM

rate were not significant for either ANOVA. However, the

interaction between phase and AM rate was significant for the

ANOVA with fFM¼ 16 Hz [F(14,70)¼ 2.66, p< 0.01,

gp2¼ 0.35], whilst it was not significant when fFM¼ 2 Hz

[F(7,35)¼ 1.65, p¼ 0.15, gp2¼ 0.25].

The supplementary conditions performed S01, S04, S05,

and S06 allowed for comparison between fc at 2-Hz FM and

between FM rates at fc¼ 5 kHz. At 2-Hz FM and AM, nei-

ther an fc of 0.5 or 5 kHz shows any phase effects and

FMDTs are generally of the same magnitude. At 4-Hz AM

and 2-Hz FM, thresholds are lower with an fc of 5 kHz than

an fc of 0.5 kHz. However, an ANOVA of FMDTs for 2-Hz

FM with factors for phase, AM (2 or 4 Hz) and fc (0.5 or

5 kHz) showed no significant effects or interactions; only the

main effect of phase trended towards significance

[F(7,21)¼ 2.22, p¼ 0.07, gp2¼ 0.43], but no trend is clearly

visible in Fig. 4.

At an fc of 5 kHz, FMDTs were lower and showed less

effect of phase for 2-Hz FM than for 16-Hz FM. However,

an ANOVA of the thresholds when fc¼ 5 kHz with factors

FIG. 4. FMDTs with an AM masker (m¼ 50%) at half (top row), the same

(middle row), or double (bottom row) the FM rate, as a function of FM

phase. AM was fixed at sine phase. Upwards and downwards pointing trian-

gles denote an FM rate of 2 and 16 Hz, respectively. Filled and open sym-

bols denote an fc of 0.5 and 5 kHz, respectively. Stimulus duration was 1 s.

Error bars¼61 SE.
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of phase, FM (2 vs 16 Hz) and AM (equal or twice FM

rate) did not reveal any significant effect of FM or interac-

tion between FM and phase. Only a significant interaction

between phase and AM was found [F(7,21)¼ 2.79,

p< 0.05, gp2¼ 0.48], suggesting the change in threshold

across phase was different when AM rate was twice FM

rate compared to when the rates were equal. In Fig. 4, this

is clear for 16-Hz FM, but not 2-Hz FM. With only four

listeners, however, these further analyses are likely to be

underpowered.

V. MODEL SIMULATIONS

As the behavioral results described above show that AM

degrades FM detection with the features of broad tuning

around the masker rate and an effect of masker depth, it is

possible that the masking patterns can be explained by AM

processing that considers only the temporal dynamics of

excitation patterns (that is, temporal-envelope cues), be it

AM externally applied to a signal or AM created by FM after

cochlear filtering. A simple model of a system that detects

modulations in amplitude was tested to determine if it could

reproduce the FMDTs and the masking produced by AM.

A. Model specification

The model structure is similar to that used by Wallaert

et al. (2017). Three implementations of the model were

tested with respect to the role of envelope phase at the output

of the modulation filters (see stage VII in the list below).

This was motivated by the fact that the exact modulation

rate above which listeners lose envelope phase sensitivity

ranges between 6 Hz (Dau, 1996, p. 35) and 12 Hz or even

one octave higher (Sheft and Yost, 2007a). The first imple-

mentation retained the envelope phase by passing the outputs

of the modulation filter-bank (stage VI) directly to the noise-

addition stage (the “phase-preserved” model). The second

implementation discarded the envelope phase of all the mod-

ulation filter-bank channels by passing only the absolute

magnitude of the Hilbert transform of the outputs to the

noise stage (the “phase-discarded” model). The third imple-

mentation progressively reduced sensitivity to envelope

phase with increasing modulation filter center-frequency by

passing the modulation filter output directly for channels

below 6 Hz and passing the half-wave rectified, low-pass fil-

tered (2nd order Butterworth with 6 Hz cut-off) output above

6 Hz (the “phase-reduced” model).

In addition, each implementation of the model had two

sub-variants for the conditions of FM detection in the pres-

ence of an AM masker: one that used a template (see stage

IX below) constructed using the AM masker in the signals

(thus giving the model beating cues to detect the target

resulting from the interaction between the AM and FM) and

one that used a template constructed without the AM masker

in the signals (thus ignoring any AM-FM beat cues). The

model had the following stages in sequential order:

(i) a bank of five gammatone filters, one centered at the

fc of the stimulus, and the remaining four centered at

1 and 2 ERBN above and below the fc of the stimulus;

(ii) a “broken-stick” input-output function for the output

of the gammatone filter tuned to the fc of the stimulus;

the function is linear up to a knee-point of 30 dB SPL

and compressive (using a power law with an exponent

of 0.3) above;

(iii) half-wave rectification of all five channels;

(iv) high-pass filtering (1st order 3 dB/oct roll-off, 3-Hz

cut-off) of all channels to simulate short-term adapta-

tion (Tchorz and Kollmeier, 1999);

(v) the onsets and offsets were removed by cutting the

first 100 ms and the final 20 ms of each channel. This

was done to force the modulation filter-bank to pro-

cess only the ongoing modulations and “ignore” the

interval onsets and offsets;

(vi) the signal of each channel was passed to a filter-bank

(1st order Butterworth filters) with ten logarithmically-

spaced channels between 2 and 120 Hz (Moore et al.,
2009), each with a Q factor of 1 (Ewert and Dau, 2000)

to decompose the modulations of the processed signals,

producing 50 channels;

(vii) one of the three treatments described above is per-

formed on the output of the modulation filters: either

retaining the envelope phase information, discarding

it from all modulation filters, or progressively reduc-

ing it with increasing filter center-frequency;

(viii) three independent Gaussian noises (an “additive,” a

“multiplicative,” and a “memory” noise) were added

consecutively to the output of all 50 channels; the first

type of noise (“additive”) had a constant standard

deviation (SD) (Dau et al., 1997); the second type of

noise (“multiplicative”) had an SD proportional to the

rms of each channel (SD¼ 1 dB re: rms; Ewert and

Dau, 2004; Wallaert et al., 2017); the third type of

noise (“memory”) was additive like the first one, but

had an SD which was multiplied by an exponential

decay function to model echoic-memory limitation;

the addition of this “memory noise” resulted in a

weaker representation of the earlier part of the signal

than the later and reduced temporal integration of

envelope cues (Ardoint et al., 2008; Wallaert et al.,
2017), affecting the representation of longer duration

stimuli more than shorter duration stimuli. The decay

time constant was fixed at 1.2 s;

(ix) The final decision stage was based on a template

matching process (Dau et al., 1997). The model cre-

ated a template at the start of each staircase with the

DV set at the starting value and without any added

noise. The template was calculated as the difference

between the internal representations of the target and

reference stimuli (with or without the AM masker for

the FM detection staircases with an AM masker). On

each trial, the target and reference stimulus intervals

were cross-correlated channel by channel with the

template and divided by the product of the rms of the

two signals (i.e., normalized). The lags used in the

cross-correlation were restricted to 6 1 target modu-

lation cycle. The interval with the largest normalized

cross-correlation coefficient (summed across chan-

nels) was selected by the model.
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Each implementation of the model was fitted to predict

the AMDTs by adjusting the SD of the “additive noise” and

the “memory noise.” The best fits yielded overall rms errors

(the difference in thresholds between simulated and real

data) of less than 3 dB for all three implementations (see top

panels of Fig. 5); the best overall goodness-of-fit was for the

“phase-preserved” model implementation (1.42 dB) and the

worst was for the “phase-reduced” implementation

(2.76 dB). With these noise values, the models performed

the FM detection task with and without AM maskers, as the

listeners did. The only difference in procedure was the

number of reversals required before terminating a staircase.

For the models this was 16 rather than 8. The models per-

formed 50 staircases for each condition to achieve a reliable

threshold estimate.

B. Simulated results

1. AM detection thresholds

In the top panels of Fig. 6, the behavioral results are over-

laid with the model simulations for the three implementations

with the rms error for each duration and fc combination inset.

These plots and those in the top panels of Fig. 5 show that the

model simulations fit the behavioral data relatively well (par-

ticularly for the 0.5-s duration stimuli and the 5-kHz fc).
However, for the 1-s duration stimuli and 0.5-kHz fc, the pre-

dicted thresholds decrease more rapidly than the real thresh-

olds when modulation rate increases (overestimating

thresholds at 2 and 4 Hz and underestimating thresholds at 16

and 32 Hz). The “phase-preserved” model (leftmost set of pan-

els in Fig. 6) matches the behavioral data best. The “phase-

discarded” model (middle set of panels in Fig. 6) produced a

more linear decrease in AMDT with AM rate (thus a less good

fit to the data), but the “phase-reduced” (rightmost set of pan-

els in Fig. 6) produced the most linear and poorest predictions

of AMDTs.

2. FM detection thresholds

For FM detection without an AM masker, all three ver-

sions of the model only predicted FMDTs for FM rates of

8 Hz and above (see the bottom panels of Figs. 5 and 6). The

bottom panels of Fig. 5 show the ratio between the modelled

and behavioral FM results. For 2 and 4 Hz, the models per-

formed poorer than the human listeners, overestimating

thresholds by a large amount (factor from 3 to 5 at 2 Hz).

Contrary to the AM simulations, the FM simulations fitted

the behavioral data better for the 1.0-s stimuli than the 0.5-s

FIG. 5. (Color online) Differences between simulated and real AMDTs

(top) and ratios between simulated and real FMDTs (bottom) by modulation

rate for the three model variants: preserving the phase of the modulation fil-

ter outputs (orange), discarding the output phase of all the modulation filters

(blue), and preserving the phase below 6 Hz and being progressively less

sensitive to it above 6 Hz (pink). Diamonds and squares denote 0.5 and 1.0 s

stimuli, respectively.

FIG. 6. (Color online) AMDTs and FMDTs (as in Fig. 1) overlaid with simulations by the three variants of the modulation filter-bank model: modulation filter

phase preserved (left set of panels, orange), modulation filter phase discarded (middle set of panels, blue), and modulation filter phase sensitivity decreasing

above 6 Hz (right set of panels, pink). The shaded areas around the simulated means denote 61 SE.
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stimuli. However, for both AM and FM, the simulations fit

the data better at 5-kHz fc than 0.5-kHz fc. At low FM rates,

the “phase-preserved” and “phase-discarded” models per-

form better than the “phase-reduced” model. At high FM

rates, the “phase-reduced” model fits the data bests at 5 kHz

fc, but the “phase-preserved” model fits best at 0.5 kHz fc.
Overall, the models performed more poorly than real lis-

teners at low modulation rates, but at higher modulation

rates, the models performed better than real listeners for AM

detection and relatively accurately for FM detection.

3. AM-masking-FM: Tuning and beating

The masking patterns produced by the models are plot-

ted (overlaying the behavioral data) in Fig. 7 following the

same order of the models as in Fig. 6. As in Fig. 2, The

FMDTs with an AM masker (m¼ 50%) were divided by the

FMDTs without an AM masker (bottom panels of Fig. 5).

For the 2 Hz masker, none of the versions of the model that

were tested were able to successfully replicate the behavioral

data. The “phase-preserved” model produced little to no

masking. The “phase-discarded” and “phase-reduced” mod-

els produced some masking, but the masking lacked the tun-

ing seen in the behavioral data. In fact, the “phase-reduced”

model predicted more masking for fFM� 8 Hz than

fFM< 8 Hz. The “phase-discarded” model shows more mask-

ing for lower than higher FM rates, but in general predicts

too much masking, with the peak sometimes at 4 or 8 Hz,

and masking spreading up well above 8 Hz (which was not

observed behaviorally). Whatever the mechanism may be

that caused the tuned masking of 2- and 4-Hz FM by 2-Hz

AM in the behavioral data, it is not explicable by the proc-

essing of the temporal-envelope cues available to the

models.

For the 16 Hz masker, the masking patterns produced by

the models depended greatly on whether the AM was

included in the creation of the template or not. This provided

beating cues when the AM and FM rates were close in rate.

The two sub-variants of each model: with the AM included

in, or excluded from, the template is respectively displayed

by solid and dashed, colored lines in Fig. 7. The “phase-

discarded” and “phase-reduced” models showed large

amounts of masking when the AM was excluded from the

template, and it was tuned around 16 Hz. However, it was

more than twice the magnitude of masking observed behav-

iorally. When the AM was included in the template, the

amount of masking, particularly at fFM¼ 14 and 18 Hz, was

dramatically reduced. However, a sharp peak at fFM¼ 16 Hz

remained, sometimes reaching the same magnitude of mask-

ing as the models with the beat cues. This suggests that the

models were able to use envelope-beat cues (second-order

envelope cues) to reduce AM-masking of FM, if the models

are provided with these cues. However, this is inconsistent

with the behavioral data which, like the simulations from the

models that ignore the envelope-beat cues, do not display the

release from masking at 14 and 18 Hz.

The versions of the model that produced AM-masking-

FM (the “phase-discarded” and “phase-reduced” models)

were used to also produce simulations of the second and

third behavioral experiments (i.e., AM-masker depth effects

and FM-AM phase relation effects), both with and without

the AM in the template.

4. AM-masking-FM: Masker depth effects

The simulations of the AM-masker depth effects are

plotted in Fig. 8. The simulated masking patterns with an

AM masker of m¼ 50% are copied from Fig. 7. For both

models, less masking was seen when m¼ 25% than when

m¼ 50%, particularly for the 16-Hz AM masker. The reduc-

tion in masking is comparable to that produced when the

stimulus duration was halved (from 1 to 0.5 s). It is

FIG. 7. (Color online) AM-masking-FM patterns by FM rate for 0.5 and 1.0 s stimulus durations, as in Fig. 2, with the simulations of the three model variants

overlaid in color (as in Fig. 6). The solid and dashed colored lines show the simulations from the model sub-variants that made templates with and without

AM, respectively.
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approximately the same size reduction, on a logarithmic

scale, as seen in the behavioral data. However, the reduction

was less than equivalent to a halving of the masking effect,

as the models overestimated masking. The effect of masker

depth is clear for the simulations made without AM in the

template. On the other hand, the simulations with the beating

cues showed less of an effect of masker depth, particularly

when the FM and AM rates were equal or close. Again,

notches in the masking pattern at fFM¼ 14 and 18 Hz were

seen for the 16-Hz AM masker conditions, indicating the

usage of beat cues.

5. AM-masking-FM: Phase effects

Finally, simulations were run in the conditions of exper-

iment 3. The results of which can be seen in Fig. 9. As

before, dashed lines denote the versions of the models with-

out the beating cue in the template and solid lines denote the

versions with the beating cue in the template. As the models

were much less sensitive to slow-rate FM than the human lis-

teners, masking is plotted rather than thresholds in terms of

frequency excursion as a proportion of fc (as in Fig. 4), in

order to bring the behavioral and model data into a compara-

ble range. For each listener and each model, the FMDTs

from experiment 3 were divided by the FMDTs without an

AM masker (from experiment 1) at the same FM rate to give

the ratios in Fig. 9. Both models (“phase-discarded” and

“phase-reduced”) produced similar results for 16-Hz FM:

they predicted similar amounts of masking and similar dif-

ferential effects of inclusion versus exclusion of AM in the

template. When the AM masker was 8 Hz, neither model

predicted phase effects (regardless of presence or absence of

AM in the template), which is in line with the behavioral

data. Only the “phase-discarded” model with a template with

AM predicted roughly the correct masking magnitude; the

others overestimated it. When the AM masker was 16 and

32 Hz, both models predicted bimodal patterns across phase.

When the AM masker was 16 Hz, these patterns were in anti-

phase for templates with and without AM; using a template

with AM produced very strong phase effects (ranging from

ratios of 1 to 5 or 6) with peaks at 0 and 180�, whereas a

template without AM produced peaks at 90 and 270� and a

phase effect of similar size to (on a log scale) the behavioral

data, but overestimated overall masking magnitude. For the

32-Hz AM masker, the bimodal patterns produced with a

template with AM were in phase with, and of a similar effect

size to, those observed behaviorally (peaks at 45 and 225�),
but overall masking was overestimated. Phase effects pro-

duced with a template without AM were also in phase the

behavioral data, but overestimated in both effect size and

overall masking magnitude.

For the 2- and 4-Hz AM maskers (i.e., for a 2-Hz FM),

the models behaved quite differently. Generally, the “phase-

reduced” model underestimated masking, but produced simi-

lar phase patterns whether the template was made with or

without the AM. For the 2-Hz AM, it predicted no masking

overall and only slight variations across phase. With 4-Hz

AM, it predicted peaks in masking at 45 and 225�, with

more pronounced peaks without AM in the template.

However, the behavioral data did not show any masking

effects with a 2-Hz FM. The “phase-discarded” models with

and without AM in the template produced bimodal phase

patterns in anti-phase with each other, toughing and peaking

at 90 and 180�, respectively, for 2-Hz AM and 45 and 225�

FIG. 8. (Color online) Masking patterns by FM rate for AM masker depths of 50 and 25%, as in Fig. 3, with the simulations of the models overlaid as in Figs.

6 and 7. Only the models that produced substantial tuned masking were tested. Namely, those that discarded the phase of all the modulation filters (left set of

panels, blue) or progressively reduced sensitivity to the modulation phase above 6 Hz (right set of panels, pink). Again, solid and dashed lines denote models

with and without AM in the template, respectively.
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for 4-Hz AM. Using a template with AM generally underes-

timated the masking effect, whilst without AM overesti-

mated it.

Overall, the simulations of the effect of the phase differ-

ence between the FM and AM on masking showed that the

models consistently predicted bimodal patterns across phase.

These patterns were sometimes in phase with, and of a simi-

lar magnitude, to the behavioral data (i.e., at 32-Hz AM and

16-Hz FM), but otherwise they overestimated phase effects

and strong bimodal phase effects were also predicted when

little effect of phase was seen behaviorally (such as for the

2-Hz FM). The “phase-reduced” model was better than the

“phase-discarded” model at predicting no effect of phase in

the conditions where little effect was seen behaviorally.

VI. GENERAL DISCUSSION

The current study demonstrates that, under certain cir-

cumstances, AM impairs the detection of FM for normal-

hearing listeners. This has been shown previously (Moore

and Sek, 1996; Moore and Skrodzka, 2002; Ernst and

Moore, 2010; Paraouty et al., 2016; Paraouty and Lorenzi,

2017). The current study contributes (i) in-depth characteri-

zation of how the masking of FM by AM changes as a func-

tion of FM and AM rate, AM depth, fc, stimulus duration

and phase difference between AM and FM, and (ii) insights

into possible role of temporal-envelope processing mecha-

nisms through computational modelling based on the modu-

lation filter-bank concept.

A. Main findings

The first two findings were: (i) the observation of mask-

ing of FM for both slow and fast AM-masker rates and low

and high carrier frequencies; and (ii) for all conditions the

masking of FM by AM was broadly tuned and was frequency

selective (most masking occurred at the masker rate). This is

consistent with the masking patterns found for AM-masking-

AM in previous psychophysical studies and estimates of fre-

quency selectivity in the temporal-envelope domain

(Houtgast, 1989; Bacon and Grantham, 1989; Strickland and

Viemeister, 1996; Ewert and Dau, 2000; Lorenzi et al.,
2001; Sek et al., 2015).

The third finding was the absence of beating effects

between AM and FM when AM and FM rates are close, in

contrast with the beating effects previously reported for AM-

masking-AM experiments and complex-AM discrimination

tasks (Strickland and Viemeister, 1996; Lorenzi et al., 2001;

Millman et al., 2002).

The fourth finding is that the depth of the AM masker had

an effect on masking of FM. A shallower modulation depth pro-

duced less masking. This is consistent with AM-masking-AM

data in previous psychophysical studies (Bacon and Grantham,

1989; Strickland and Viemeister, 1996). Paraouty et al. (2016)

found a doubling of AM-masking-FM for a change in masker

depth from 33 to 66% with a carrier of 0.5 kHz and FM and

AM rates of 5 Hz. The current findings show an approximately

similar doubling of masking for a doubling of masker depth

from 25 to 50%, when FM and AM rates are equal.

FIG. 9. (Color online) Masking patterns as a function of phase difference between FM and AM. Masking ratios calculated using FMDTs without an AM

masker from experiment 1. Panel order and symbols follow Fig. 4. The simulations from the models that discarded modulation phase in all filters (left, blue) or

filters above 6 Hz (right, pink) are overlaid in colored solid or dashed lines for with and without AM in the template, respectively.
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The fifth finding is that the phase of the FM relative to

the phase of the AM masker had an effect on the amount of

masking for fast FM and AM rates (16 Hz) and a high fc
(5 kHz), but no effect on masking for slow FM and AM rates

(2 Hz), regardless of fc. This is somewhat consistent with

Strickland and Viemeister (1996), who found only weak,

variable phase effects at 2- and 4-Hz AM maskers (4 Hz tar-

get). However, they found no phase effects for target and

masker AM¼ 16 Hz, but instead a single peak at 270� for a

masker of 8 Hz (target 16 Hz). One limitation here is that

Strickland and Viemeister (1996) and Bacon and Grantham

(1989) used noise carriers, whilst the current study used

pure-tone carriers; the impact of carrier type on modulation-

masking phase effects is still unknown.

In summary, masking between AM and FM was found

for both carrier frequencies and both AM-masker rates. The

masking exhibited two features of AM-masking-AM—

namely, broad tuning and depth effects. However, beating

effects were not found and phase effects were found only at

an fc of 5 kHz for an AM rate of 16 Hz.

Computational models using only temporal-envelope

cues extracted at the output of a modulation filter-bank were

fitted to the AM data and then used to simulate FM detection

in all tested conditions. Below 16 Hz, these models predicted

much worse unmasked FMDTs than the listeners produced.

Predictions of masking effects depended on whether the

model preserved or discarded the phase information from the

modulation filter outputs; if the phase information was pre-

served, masking effects were effectively not predicted. If the

phase information was discarded from all modulation filter

channels, masking was over-predicted, but with roughly the

correct tuning. If the phase information was progressively

reduced with increasing filter center-frequency, then the cor-

rect amount of masking was predicted for a 2-Hz masker,

but mistuned to higher FM rates. Again, masking was over-

predicted for a 16-Hz masker. The latter two models pre-

dicted duration, beating, phase and masker-depth effects,

although only duration and masker-depth effects were

observed behaviorally. The prediction of beating and phase

effects was expected from these models as the envelope pat-

terns elicited by the AM and FM will sum constructively and

destructively in a cyclic manner depending on the frequency

or phase difference, resulting in temporal-envelope cues.

B. Mechanisms responsible for FM detection

Altogether, these results are broadly consistent with the

idea that, irrespective of fc, fast (>4–8 Hz) FM is detected

via temporal-envelope cues resulting from FM-to-AM con-

version at the output of cochlear filters. However, whilst the

computational model using temporal-envelope cues, but dis-

carding the phase of these envelope cues, predicted the gen-

eral shape of masking patterns for both slow and fast AM

maskers, the magnitude of masking was over-predicted. This

suggests that FM detection in human listeners is somewhat

resistant to interference from masking AM. This might be

because FM evokes temporal envelopes of more varied

phase across cochlear-filtering channels than AM does (i.e.,

in anti-phase in channels above and below the fc), and

possibly the auditory system detects FM by comparing the

phase of the envelopes across cochlear “channels” (Moore et
al., 2018). The “phase-preserved” model had access to this

envelope phase information for all 50 channels (ten modula-

tion filters by five gammatone filters) and it predicted no

masking for a 2-Hz AM masker and only weak, poorly tuned

masking for a 16-Hz masker. The models did not strictly

compare information across channels, but rather cross-

correlated each modulation-by-gammatone channel output

for the test stimuli with the corresponding channel output in

the template (without internal noise). It is possible that, (a)

humans do not perfectly preserve a template (or internal rep-

resentation) of the target in memory and/or the template is

noisy; and/or that (b) humans do not compare the test stimuli

with the internal template across all their cochlear-filtering

channels. It is also possible that the cross-correlation com-

parison in the models is more efficient or somehow more

resistant to noise than the “true” mechanism in humans.

Essentially, the models might have over-performed on the

comparison and decision stage.

1. Lack of contribution of envelope-beat cues

The combined psychophysical and modelling data suggest

that, although beating envelope cues resulting from the interac-

tion between FM and AM at the output of the cochlear filters

might aid detection of FM masked by AM, listeners ignore

these cues. This contrasts with AM-masking-AM data (e.g.,

Strickland and Viemeister, 1996; Millman et al., 2002). This

suggests that real listeners adopt a sub-optimal listening strat-

egy: they may not build up a template of the target by compar-

ing internal representations of the target and comparison

intervals, utilizing the second-order envelope cues in the target

interval, but rather they construct an internal representation of

the target FM alone, independent of its interactions with com-

peting sounds (e.g., AM maskers). Why would they do this

despite the fact that, according to listeners’ anecdotal reports,

these envelope beats are salient at supra-threshold FM excur-

sions? One possibility might be that the envelope beat is per-

ceived as a slow loudness fluctuation. This does not

correspond to the pitch cue that the listeners were trained to

listen for in all the other conditions where beating between the

FM and AM did not occur. Thus, the experimental context

probably plays a greater role in building the internal template

than expected from the model (which performs every staircase

independently).

2. Two mechanisms of FM detection

In the case of the 2-Hz AM masker, masking of the cor-

rect magnitude and tuning could not be predicted by the

computational model using only temporal-envelope cues

extracted at the output of a modulation filter-bank. This sug-

gests that for slow FM rates (�5 Hz), FM is not detected via

temporal-envelope cues resulting from FM-to-AM conver-

sion. This is also consistent with the fact that phase effects

between AM and FM were found for fast FM and AM rates

and a high fc (5 kHz), but not for slow FM and AM rates

regardless of fc (0.5 or 5 kHz).
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Whilst masking was significantly smaller for the 2-Hz

AM masker compared to the 16-Hz AM masker, the lack of a

significant effect of fc on masking does not support the hypoth-

esis that TFS cues are used to detect slow-rate FM at low car-

rier frequencies. If this were the case, one would expect much

less masking (if any) for the low fc (where neural phase lock-

ing is most accurate; Palmer and Russell, 1986) than for the

high fc, at slow FM and AM rates. This was proposed by

Moore and Sek (1996), based on masking of FM by AM

(m¼ 33%) at 2 Hz being greater at 4 and 6 kHz than 0.5 kHz.

However, they did find some masking even at slow modulation

rates and a 0.5 kHz carrier, and it was of a similar magnitude

to that found in the current study for the 2-Hz FM and AM and

an m of 25%. Moore and Sek (1996) found no effect of modu-

lation rate when fc¼ 6 kHz, but substantially more masking at

10 and 20 Hz than 2 Hz modulation rates when fc¼ 0.5 kHz,

whereas the current study found a similar increase in masking

from 2 to 16 Hz modulation rates (fFM¼ fAM) for both carrier

frequencies. More recently, Moore et al. (2018) demonstrated

better discrimination of AM and FM at a rate of 2 Hz than at a

rate of 10 Hz, when AM and FM are equated in detectability.

They claim this as evidence of TFS cues aiding slow-rate FM

processing, and suggest that the hypothesis that phase of the

modulation across the excitation pattern is compared to dis-

criminate AM (in-phase) from FM (producing AM in anti-

phase) is not sufficient to explain further, preliminary (but not

reported) data.

It is not possible to rule out phase-locking as the encod-

ing mechanism of low-rate FM at low carrier frequencies,

but if this is the case, it is also affected by an interfering

AM. Significant level effects on pitch discrimination have

been demonstrated for pure-tone stimuli (Emmerich et al.,
1989). It is possible that changes in level due to the AM

masker 2-Hz cycle produced variations in pitch which in

turn produced the AM-masking-FM seen at slow FM rates in

the current study (at an fc of 0.5 kHz with a 2-Hz AM

masker). However, the changes in pitch due to stimulus level

found by Emmerich et al. (1989) are weak and vary across

listeners; at 0.5 kHz, most listeners do not report hearing any

changes in pitch, whereas the masking effect observed in the

current study (when fc¼ 0.5 kHz with a 2-Hz AM masker)

was relatively robust and consistent across listeners.

Therefore, it is unlikely that this masking reflects the detri-

mental effect of level variations on the operation of a pitch

mechanism using excitation-pattern (i.e., place) cues.

3. Post-sensory explanations of masking effects

The origin of the masking effect at slow modulation rates

for both low and high carrier frequencies might be cognitive

rather than purely sensory. According to this interpretation,

this masking would occur at a late (post-sensory) stage of audi-

tory processing, where the available sensory information con-

veyed by FM has been transformed into a single fluctuating

pitch percept, regardless of encoding mechanism (be it a single

mechanism such as place-rate information, or by separate

mechanisms at high and low audio frequencies). The listeners

might then be confused by the competing temporal modulation

of the masker at the same or similar rate of the target FM,

even though the two modulations elicit different percepts

(loudness versus pitch fluctuations). This confusion would pos-

sibly result from grouping of the modulations into a single

auditory object due to the similarity of rate. This interpretation

would then correspond to a case of informational masking.

Alternatively, the masking could be interpreted as a result of

the AM making it more difficult to attend to the FM. That is,

the two modulators compete for attention. This would also be

a case of informational masking. Such an argument has been

made to explain modulation masking when the modulators act

on carriers of different frequencies (Sheft and Yost, 2007b).

Sheft and Yost (2007b) found that masking did not follow pre-

dictions of energetic masking or grouping due to similarity of

rate in the modulation domain. The failure of the models to

capture the tuning of masking at slow modulation rates based

on purely temporal-envelope cues is consistent with the idea

that at least some of the AM masking effects might be related

to informational masking. It is important to note that these

interpretations of masking effects for slow AM and FM rates

do not preclude a role of a TFS code in FM detection. Still,

further work is warranted to demonstrate whether the interfer-

ence effect does, indeed, correspond to informational masking

at a late stage of auditory processing.

C. Contribution to auditory modelling of FM
perception

1. Modelling FM detection

Overall, the modelling section of the study suggests that

the perceptual model of modulation processing developed by

Dau and colleagues can account for FM detection at rates

above 8 Hz, but it does not predict the masking effect of an

interfering AM unless it disregards the envelope phase at the

output of the modulation filters (in which case it overestimates

the masking effect). If envelope-beat cues are ignored (by

exclusion of the AM for the model’s template), the predicted

masking is appropriately tuned, which is not surprising consid-

ering that the model predicts AM-masking-AM relatively well

(Ewert and Dau, 2000). A model with a compensatory mecha-

nism that reduces the effect of an uninformative (non-target)

AM may better explain the behavioral data at both slow and

fast FM rates. A dual-path model combining TFS and

temporal-envelope cues (e.g., Ewert et al., 2018) may better

account for FM detection at slow FM rates, but it is unlikely to

reproduce the masking seen at slow modulation rates.

Furthermore, it would not better predict the magnitude of

masking at fast modulation rates as a TFS pathway is generally

considered too “sluggish” to capture information about fast

FM rates (e.g., Moore and Sek, 1996).

2. Relevance to speech perception

The current results indicate that the AM and FM fea-

tures of competing speech sounds should interfere, but the

features (i.e., magnitude and dynamics such as phase effects)

of this interference differ depending on whether the AM and

FM are above, or below, approximately 10 Hz. This should

be taken into account when exploring speech perception

against concurrent speech sounds for normal hearing
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listeners, but also for different groups of listeners such as

hearing-impaired listeners and cochlear implantees (e.g.,

Stickney et al., 2004; Stickney et al., 2005; Zeng et al.,
2005).

VII. CONCLUSIONS

The current study aimed to assess if AM-masking-FM

could fit into the concept of modulation filters, or whether a

separate mechanism (possibly using TFS cues) was needed

to explain slow-rate FM at low carrier frequencies. We found

that for normal-hearing listeners, the masking of FM by AM

was broadly tuned, increased with stimulus duration and

with masker depth. Phase differences between the FM and

AM appeared to affect masking for fast AM and FM and a

high fc, but not for slow AM and FM with either a low or

high fc. Listeners did not seem to benefit from envelope-

beating cues between the FM and AM (i.e., a release from

masking was not seen) when the two modulations were close

in rate. Computational models implementing the modulation

filter-bank concept and a template-matching decision strat-

egy (that is, computational models using temporal-envelope

cues only) suggested that the tuning of masking FM by AM

at faster rates could be explained by a lack of sensitivity to

the envelope phase at the output of the modulation filters,

but the magnitude of the masking was overestimated. The

models also suggested that, if envelope-beating cues are

used when building an internal representation of the target

sound, a release from masking should be observed, and that

only by building an internal representation based on the FM

alone does the model predict the behavioral data. The fact

that listeners adopt a sub-optimal strategy and ignore the

envelope beats suggest that the experimental context should

be taken into account when modelling modulation

perception.

Although AM-masking-FM was greater at fast than

slow masker rates, it was still significant for a 2-Hz AM

masker for both an fc of 0.5 and 5 kHz. This could be

because, even at slow rates and low carrier frequencies, FM

is encoded via temporal-envelope cues rather than TFS cues.

However, whilst the modelling that disregarded the

envelope-phase from all modulation filters predicted slow-

rate AM-masking-FM, it suggested this masking should

spread up to faster FM rates than was seen behaviorally. It is

postulated here that AM masks FM at slow rates due to post-

sensory interference, resulting from perceptual grouping of

the AM and FM into a single auditory object (possibly due

to their similar rate) or from an inability to attend selectively

to one modulator in the presence of another modulator at

similar rates. This interpretation of masking effects for slow

AM and FM rates in terms of “information masking” would

not preclude a role of a TFS code in FM detection. In conclu-

sion, the current psychophysical and modelling study indi-

cates that the modulation filter-bank model (as implemented

here) can explain some of the features of AM-masking-FM,

but it does not provide a unified account of masking effects

between AM and FM. Further work is therefore required to

clarify the exact nature of the mechanisms responsible for

FM detection (particularly at slow rates).
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