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Laback et al. [(2011). J. Acoust. Soc. Am. 129, 888�897] investigated the additivity of nonsimulta-

neous masking using short Gaussian-shaped tones as maskers and target. The present study

involved Gaussian stimuli to measure the additivity of simultaneous masking for combinations of

up to four spectrally separated maskers. According to most basilar membrane measurements, the

maskers should be processed linearly at the characteristic frequency (CF) of the target. Assuming

also compression of the target, all masker combinations should produce excess masking (exceeding

linear additivity). The results for a pair of maskers flanking the target indeed showed excess

masking. The amount of excess masking could be predicted by a model assuming summation of

masker-evoked excitations in intensity units at the target CF and compression of the target, using

compressive input/output functions derived from the nonsimultaneous masking study. However,

the combinations of lower-frequency maskers showed much less excess masking than predicted by

the model. This cannot easily be attributed to factors like off-frequency listening, combination tone

perception, or between-masker suppression. It was better predicted, however, by assuming

weighted intensity summation of masker excitations. The optimum weights for the lower-frequency

maskers were smaller than one, consistent with partial masker compression as indicated by recent

psychoacoustic data. VC 2013 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4812773]

PACS number(s): 43.66.Dc, 43.66.Ba [ELP] Pages: 1160–1171

I. INTRODUCTION

In this study, the additivity of simultaneous masking

was measured for stimuli that are well concentrated in both

the time and frequency domains, namely short Gaussian-

shaped tones (referred to as “Gaussians”). Studying masking

additivity with such stimuli is relevant for two main reasons.

First, well-concentrated stimuli can be more flexibly

arranged in the time-frequency space than temporally or

spectrally broad stimuli while essentially avoiding spectro-

temporal overlap of the maskers and the target. Therefore,

they are well-suited for studying masking additivity in

various closely spaced time-frequency configurations. Data

collected with such stimuli may provide insight into the

time-frequency dependencies of masking and the properties

of spectro-temporal processing of the auditory system at

short time constants. For example, they may help to better

understand how the individual spectral components of a plo-

sive in speech contribute to its total masking effect. Second,

well-concentrated stimuli can be considered as elementary

sounds. This property arises from time-frequency analysis

schemes widely used in audio signal processing, such as the

Gabor or wavelet transforms (e.g., Gr€ochenig, 2001). By

means of such transforms any real-world sound can be

decomposed into a set of functions or “atoms,” for example

Gaussians. In order to better understand and predict mutual

masking effects between the atoms of a real-world sound

(see, for example, Balazs et al., 2010), it is worthwhile to

study basic masking effects with such well concentrated

stimuli. Previous studies focused on the spread of time-

frequency masking (Necciari et al., 2012) and the additivity

of nonsimultaneous masking (Laback et al., 2011) for

Gaussians. In the present study, we investigate the additivity

of simultaneous masking.

Masking additivity refers to the properties according to

which the amount of masking produced by one masker adds

with the amount of masking produced by another masker.

Assuming linear additivity of masking in units of intensity, the

masked threshold of a target should be 3 dB higher in the pres-

ence of two equally effective maskers (i.e., each masker alone

causes the same masked threshold) than in the presence of

each masker alone. In fact, in certain configurations, combin-

ing two maskers can result in higher masked thresholds than

according to linear additivity (e.g., Penner, 1980; Humes and

Jesteadt, 1989; Oxenham and Moore, 1995; Plack et al., 2006;

Plack et al., 2008). The difference between the linear predic-

tion and the actually measured masked threshold is referred to

as the amount of “excess masking.” The commonly accepted

origin of excess masking for nonsimultaneous maskers,

assuming that maskers are processed independently before

their effects are combined linearly at some higher stage, is

that the target is subjected to a compressive nonlinearity

(Penner, 1980). The more compressive the nonlinearity, the
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more excess masking occurs. In Laback et al. (2011), the addi-

tivity of nonsimultaneous masking was measured for a

Gaussian target and combinations of up to four equally effec-

tive Gaussian maskers. On average, excess masking amounted

to 13.5 dB for masker pairs and 26.0 dB for four maskers. These

values are considerably greater than those reported in previous

studies involving similar target sensation levels (8 dB) but

much longer masker durations. We attributed this difference to

the medial olivocochlear reflex (MOCR). When activated, the

MOCR controls the cochlear gain via efferent connections to

the outer hair cells (e.g., Backus and Guinan, 2006). It reduces

the cochlear amplifier gain, which can result in an increased

slope of the basilar membrane (BM) input/output function in a

certain level region (e.g., Russell and Murugasu, 1997). The

MOCR has an onset delay1 of about 25 ms (Backus and

Guinan, 2006). This delay is shorter than the between-stimuli

intervals (i.e., between the onsets of the first masker and the tar-

get) involved in previous studies using long maskers, for which

the MOCR may have been elicited and thus have reduced the

cochlear gain. Conversely, the MOCR delay is longer than the

between-stimuli intervals in Laback et al. (2011). Assuming

that our data were unaffected by any MOCR-based gain reduc-

tion, the target was likely subjected to greater compressive non-

linearity than in past studies. This could have led to more

excess masking. Some indication for such an increase in the

amount of estimated compression for short relative to long

maskers was recently observed in some experimental condi-

tions of Plack and Arifianto (2010) using the additivity-of-

forward-masking technique and it was reported in a cross-study

comparison by Laback et al. (2011). It should be noted that

those effects we and others attributed to the MOCR could also

be due to some other post-cochlear adaptation mechanism(s).

However, the temporal and spectral properties of the MOCR

have been extensively described in the literature, which enables

discussion of masking results according to the spectro-temporal

characteristics of the particular stimuli under consideration.

Therefore, the discussion of the present results focuses on the

possible implication of the MOCR.

In the present study, we focused on the additivity of si-
multaneous masking for Gaussians. The methods and condi-

tions were similar to those used in Laback et al. (2011)

except that the maskers were separated in frequency rather

than in time. Because it is hard to conceive how simultane-

ous maskers could be independently processed at the charac-

teristic frequency (CF) of the target, the above-described

explanation for the additivity of nonsimultaneous masking

cannot apply here. Instead, an explanation based on simulta-

neous, thus, joint processing of the maskers and the target

has been proposed (Oxenham and Moore, 1995). This expla-

nation assumes that the BM response is compressive for

tones around the CF but linear for tones remote from the CF

as suggested by a number of studies (Rhode, 1971; Robles

et al., 1986; Ruggero et al., 1992; Ruggero et al., 1997;

Russell and Nilsen, 1997; Rhode and Recio, 2000). All those

studies reported linear processing for frequencies below

�25% relative to the CF. The majority of studies also

reported linear processing for frequencies above þ30% rela-

tive to the CF. Only Rhode and Recio (2000) reported partial

compression up to þ60% relative to the CF. Furthermore, it

should be noted that this survey of the physiological literature

refers to studies focusing on an area close to the basal end of

the cochlea. Although studies are very sparse, the work by

Rhode and Cooper (1996) suggests that compression may be

less frequency selective towards the apical end of the cochlea

relative to the basal end. The explanation for simultaneous

excess masking further assumes that the masked thresholds

both in the single-masker and the combined-masker condi-

tions are given by a fixed target-to-masker ratio in the coch-

lear output at the target CF. Then, one has to distinguish two

cases in simultaneous masking additivity. In the first case,

when maskers are close in frequency to the target, the jointly

processed maskers undergo the same amount of compression

as the target. Because the increase in masker-evoked excita-

tion when adding a second (or more) masker(s) is compressed

like the target, no excess masking can be expected and linear

additivity (masked threshold of the target increases by 3 dB

for two equally effective maskers) applies. In the second

case, when maskers are sufficiently spectrally separated from

the target, the response growth is compressive for the target

but the responses to the maskers are assumed to be summed

in intensity units at the target CF, which causes excess mask-

ing (Oxenham and Moore, 1995). In other words, while com-

pression of the target is the basic requirement for nonlinear

additivity to occur, the degree of excess masking depends

critically on how the masker-evoked excitations are summed

at the target CF. Intensity summation leads to maximum

excess masking and weighted intensity summation with

weights less than one (such as in a compressive system)

results in reduced excess masking. Accordingly, previous

studies reported excessive masking additivity for spectrally

remote maskers and approximately linear additivity for spec-

trally close maskers (Zwicker and Herla, 1975; Moore, 1985;

Humes et al., 1992). We cite here only those studies that con-

trolled potentially confounding factors such as off-frequency

listening or combination-tone perception. Below, the outlined

explanation for the excessive additivity of simultaneous

masking for spectrally remote maskers is referred to as the

“standard model of simultaneous masking.”

Another well-known effect related to the additivity of

simultaneous masking is the so-called “upward spread of

simultaneous masking” (USSM, Egan and Hake, 1950;

Oxenham and Plack, 1998; Bacon et al., 1999; Yasin and

Plack, 2005). The USSM refers to the nonlinear (excessive)

growth of masking for maskers lower in frequency than the

target, compared to maskers close to the CF of the target.

Oxenham and Moore (1995) proposed an analogy between

USSM and simultaneous masking additivity. Particularly,

they suggested that a 3-dB increase in masker level in an

USSM experiment may have the same effect at the CF of the

target as combining two equally effective and lower-

frequency maskers in an additivity experiment. Thus, in anal-

ogy with the additivity-of-simultaneous-masking situation,

linear masker processing should result in USSM while com-

pressive masker processing should result in linear growth of

masking. Noteworthy, this analogy between USSM and si-

multaneous masking additivity relies on the assumption that

nonlinear interactions between maskers (such as suppression)

are ruled out in the additivity experiment.

J. Acoust. Soc. Am., Vol. 134, No. 2, August 2013 Laback et al.: Simultaneous masking additivity for Gaussians 1161

Downloaded 06 Aug 2013 to 193.171.195.77. Redistribution subject to ASA license or copyright; see http://asadl.org/terms



With respect to the MOCR, there is at least one reason

why simultaneous masking additivity for the Gaussian stim-

uli used in the present study may differ from that observed

in the cited studies of masking additivity (Humes et al.,
1992) and USSM (Oxenham and Plack, 1998; Bacon et al.,
1999; Yasin and Plack, 2005). All those studies involved rel-

atively long maskers and presented the target at the temporal

center of the masker, while the Gaussians used in the present

study had a very short duration (<10 ms). The delay between

masker and target onsets in the past studies was at least

about 100 ms,2 which is longer than the onset delay of the

MOCR. Therefore, compression of the target and thus excess

masking (as well as the growth rate of USSM) can be

expected to be lower in those studies than in the present

study using short stimuli. This expectation is based on the

assumption that the MOCR effect elicited by the spectrally

remote and long maskers reached the target. Accordingly,

Lilaonitkul and Guinan (2009) reported a relatively broad

spectral spread (from �1.5 octaves below to þ0.5 octaves

above the CF for an ipsilateral elicitor) of the MOCR effect

around the frequency of the elicitor. By using short Gaussian

stimuli, we aimed at measuring simultaneous masking addi-

tivity while excluding any effect of the MOCR.

We tested combinations of maskers with frequencies

below the target (lower-frequency maskers) and with fre-

quencies both below and above the target (spectrally flanking

maskers). The main questions to be addressed were: Can the

amount of excess masking for the different combinations of

flanking and lower-frequency maskers be explained by a

model assuming linear processing of the maskers and com-

pression of the target? If not, what modifications of the

assumptions on cochlear processing of off-CF stimuli are

required to explain the results? Are the results consistent with

the idea that a short stimulus avoids activation of the MOCR,

resulting in more compression and, thus, more excess mask-

ing compared to long stimuli? Given that excess masking can

be influenced by several factors including suppression, off-

frequency listening and availability of detection cues, we

carefully attempted to estimate their potential influences.

The comparison between flanking and lower-frequency

maskers is interesting in the light of the results from recent

psychoacoustical nonsimultaneous masking experiments that

indicate partial compression of lower-frequency maskers

spectrally separated from the target by almost an octave

(Lopez-Poveda and Alves-Pinto, 2008) or even lower (Plack

and Arifianto, 2010). Note that for such spectral configura-

tions, most physiological studies on BM vibration from the

literature suggest linear processing of the maskers at the tar-

get CF. The cited authors suggested that the partial compres-

sion of the maskers inferred from their psychoacoustical data

might not result from the CF-specific outer hair cell activity

but rather proposed the compressive CF-independent nonli-

nearity of the inner hair cells (Cheatham and Dallos, 2001;

Lopez-Poveda and Eustaquio-Martin, 2006) as a candidate.

With respect to simultaneous masking additivity, compres-

sion of the spectrally remote maskers may result in reduced

excess masking relative to the prediction based on linear

processing of the maskers. Moreover, if the inner hair cells

are actually responsible for this compression, then this

should affect all maskers similarly, irrespective of their fre-

quency distance from the target. In other words, excess

masking would be expected to be similarly reduced when

combining either lower-frequency maskers or lower- and

higher-frequency maskers.

II. METHODS

A. Listeners

Five normal-hearing (NH) listeners participated in the

experiments. All listeners had thresholds of 15 dB hearing

level (HL) or lower at octave frequencies from 125 to

8000 Hz (ANSI, 1996) and had previous experience in psy-

choacoustical tasks. All listeners except NH14 participated

in the preceding study on nonsimultaneous masking additiv-

ity (Laback et al., 2011).

B. Stimuli and apparatus

All masker and target stimuli were Gaussian-shaped

tones defined by

sðtÞ ¼
ffiffiffiffi
C
p
� sin 2pf0tþ p

4

� �
� e�pðCtÞ

2

; (1)

where f0 is the tone frequency and C ¼ a � f0. For a given f0,

the shape factor of the Gaussian window, a, controls the du-

ration and bandwidth of s(t). In Laback et al. (2011), a single

value of f0 (4 kHz) was used and a was fixed to 0.15, which

provided the Gaussians with a constant equivalent rectangu-

lar bandwidth (ERBGauss¼C¼ 600 Hz) and a constant

equivalent rectangular duration (ERDGauss ¼ C�1 ¼ 1.7 ms).

In the present study, f0 varied depending on the spectral sep-

arations between maskers and target. By keeping a constant,

C would have varied with f0, which would have caused the

spectro-temporal shape of the stimulus to vary. In order to

avoid such a variation, we decided instead to fix the C value

to 600 so as to keep ERBGauss and ERDGauss as in Laback

et al. By introducing the p/4 phase shift, the energy of the

signal was independent of f0.

The total signal duration, as given by the numerical sup-

port, was 9.6 ms. The sound pressure level (SPL) of a

Gaussian was specified by measuring the sound pressure

level (SPL) of a long-lasting sinusoid having the same fre-

quency and amplitude as the carrier tone of the Gaussian.

A personal computer system was used to control the

experiments and generate the stimuli. Stimuli were output at

a sampling rate of 48 kHz and a 24-bit resolution with an

external D-A converter (AD/DA 2402, Digital Audio

Denmark), passed through an attenuator (PA4, Tucker-Davis

Technologies, TDT) and a headphone amplifier (HB6,

TDT), and routed to the left-ear side of a circumaural head-

phone (HDA200, Sennheiser). The experiments were per-

formed in a double-walled, sound-attenuated booth.

C. Procedure

Detection thresholds were measured using an adaptive

three-interval forced-choice task. The target was presented

randomly in one of the three intervals. In absolute threshold
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measurements, the other two intervals were silent. In masked

threshold measurements, all three intervals contained the

masker(s). The listeners had to indicate which interval

sounded different from the other two by pressing one of

three buttons of a keyboard. Each 200-ms interval was visu-

ally indicated on a computer screen with a between-interval

gap of 200 ms. The stimuli were presented in the temporal

center of the interval. Response feedback was provided after

each trial by visually highlighting the interval containing the

target. In the adaptive procedure, the target level was varied

using the three-down one-up rule, estimating the 79.4%

point on the psychometric function (Levitt, 1971). The initial

step size was 5 dB and was halved after the second reversal.

A run was terminated after 12 reversals and the threshold

was calculated by averaging the target level over the last

eight reversals.

The different experimental conditions were presented in

a quasi-randomized order for each listener, as described in

Laback et al. (2011). The final threshold for each condition

and listener was determined by computing the arithmetic

mean of, on average, 5.5 valid runs. The method for select-

ing valid runs and tracking for learning effects was the same

as described in Laback et al. (2011). The total testing time

for one listener was seven to eight hours. All other aspects of

the procedure were the same as in Laback et al. (2011).

D. Experimental conditions

The target and the maskers were presented simultane-

ously. The target had a frequency of 5611 Hz. The four

maskers were separated in frequency from the target by the

following frequency values defined in the ERB scale

(Glasberg and Moore, 1990): �7 ERBs (M1), �5 ERBs

(M2), �3 ERBs (M3), and þ3 ERBs (M4). The correspond-

ing frequency values in Hz are provided in Table I. Three

maskers had lower frequencies and one masker had a higher

frequency relative to the target (see inset at the top of

Fig. 1). Based on pilot experiments, the frequency separations

were chosen so as to keep minimum overlap between the

maskers and to avoid exceeding a comfortable sound level

for the most distant maskers. An asymmetric configuration

(three lower-frequency maskers vs one higher-frequency

masker) was required because of the narrower spread of

spectral masking towards lower frequencies than towards

higher frequencies (e.g., Egan and Hake, 1950). All masker-

to-target frequency separations were chosen so that the

maskers should be processed linearly at the CF of the target

according to results from the majority of physiological BM

measurements (e.g., Ruggero, 1992; Ruggero et al., 1997).3

Simultaneous masking may involve the perception of

combination tones. The frequency separations were chosen,

however, to minimize the potential influence of combination

tones. To test their potential contribution, we explored in a

pilot test the potentially most critical condition where the tar-

get is closest and above the masker in frequency (Greenwood,

1971), i.e., masker M3. The masked threshold for M3 was

tested with and without a continuous bandpass-filtered white

noise. The noise had low and high cutoff frequencies of 50

and 2530 Hz4 and a level of 40 dB SPL, sufficient to mask the

cubic difference tone (Greenwood, 1971). This pilot test was

performed with listeners NH2 and NH23. Repeated measure-

ments of the masked threshold for the conditions with and

without noise in a balanced order showed no systematic dif-

ference in the masked thresholds. To avoid potentially con-

founding effects of the background noise, we decided not to

use the background noise in the main experiments.

In the first stage of the experiment, the absolute thresh-

old of the target was measured. In the second stage, the level

of each masker was assessed which was necessary to pro-

duce approximately 10 dB of masking of the target. This was

achieved using an iterative approach where the masker level

was adjusted after each run in order to reach the desired

masked threshold, as used in Laback et al. (2011).5 After the

final masker level had been determined, further measure-

ments at this level were performed in a separate test session.

These measurements represent the reported masked thresh-

olds for the single-masker conditions. In the third stage, the

main experiment, masked thresholds were measured for

selected combinations of maskers. These combinations were

M2M3, M3M4, M1M2M3, M2M3M4, and M1M2M3M4.

After completion of the main experiment, the single-masker

conditions were retested to check for learning effects. No

learning was observed. The data presented below therefore

correspond to the mean overall data collected. For more

details about the methodology, see Laback et al. (2011).

III. RESULTS AND DISCUSSION

A. Single maskers

Table I presents individual absolute thresholds of the tar-

get (second column) and the masker levels necessary to pro-

duce approximately equal amounts of masking of the target

(i.e., masker levels for which the target level at threshold was

about 10 dB above absolute threshold; columns 3�6). The

level required is higher for masker M4 (þ3 ERBs) than for

M3 (�3 ERBs), M2 (�5 ERBs), and M1 (�7 ERBs). This

asymmetry in equally effective masker levels is consistent

with the well-known finding that the spread of spectral mask-

ing extends further towards higher frequencies than towards

lower frequencies (e.g., Egan and Hake, 1950; Moore, 2003).

Figure 1 presents the individual and mean masking data

in separate panels. The results are reported as amounts of

TABLE I. Absolute thresholds for the 5611-Hz target and masker levels

necessary to produce about 10 dB of masking of the target, for each of the

four maskers.

Equally effective masker level (dB SPL)

Subject

Absolute

threshold of

target (dB SPL)

M1

(�7 ERBs)

(2521 Hz)

M2

(�5 ERBs)

(3181 Hz)

M3

(�3 ERBs)

(4000 Hz)

M4

(þ3 ERBs)

(7836 Hz)

NH2 40.2 71.9 67.6 65.3 77.2

NH19 34.2 61.9 59.6 56.3 66.2

NH23 32.2 65.9 62.6 61.3 71.2

NH25 33.2 65.9 62.6 61.3 71.2

NH14 37.2 67.9 65.6 63.3 74.2

Mean 35.4 66.7 63.6 61.5 72

SD 3.3 3.6 3.1 3.3 4.1
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FIG. 1. (Color online) Individual and mean amounts of masking obtained for each masker condition (see symbols in the legend). Each panel shows the results

for one listener, except for the bottom-right panel showing the mean results. Error bars indicate 95% confidence intervals. In many cases the error bars are

smaller than the symbols. The lines show the amounts of masking predicted by three models of masking additivity: (1) linear additivity (i.e., no excess mask-

ing; dotted line), (2) “standard model of simultaneous masking additivity” that assumes compression of the target and linear processing of the maskers (dashed

line; for listener NH23 the prediction for the quadruple exceeds the border of the plot and is indicated by an arrow), and (3) a model assuming weighted sum-

mation of the lower-frequency maskers (solid line). The weighting factors for each of the maskers (kn) were optimized to best fit the data (see text for details).

The best-fitting kn values for each listener and the mean data are shown in Table II. The inset at the top of the figure schematically illustrates the spectral

arrangement of the stimuli.
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masking, defined as the difference between the masked and

absolute thresholds of the target. The amounts of masking for

the single maskers are shown in the leftmost column of each

panel. On average, they amounted to 9.9 dB (M1), 8.4 dB

(M2), 10.9 dB (M3), and 10.7 dB (M4). The difference

between absolute and masked thresholds was statistically sig-

nificant for all maskers [repeated-measures analysis of var-

iance, RM ANOVA: F3,83¼ 72.8, p< 0.001; Tukey’s HSD

post hoc test: p< 0.001].

B. Multiple maskers

The amounts of masking for the combinations of two,

three and four maskers are shown in Fig. 1 (see legend for

meaning of different symbols). The amounts of masking

were quite similar across listeners, as indicated by the small

95% confidence intervals in the bottom-right panel. Thus,

we focus below on the description of the mean data. An RM

ANOVA was performed with the factor masking condition,

comparing all single and multiple masker configurations.

The main effect of masking condition was highly significant

(F8,179¼ 149.5, p< 0.001). The significance of the differen-

ces between the factor levels was analyzed with a Tukey’s

HSD post hoc test.

For the pair of lower-frequency maskers (M2M3), the

mean amount of masking was about 3 dB higher than that

obtained for each masker alone (M2M3 vs M2: p< 0.001;

M2M3 vs M3: p¼ 0.24). This is in line with the linear addi-

tivity prediction (see dotted line), that is, almost no excess

masking (0.9 dB). In contrast, for the pair of flanking maskers

(i.e., combination of lower- and higher-frequency maskers,

M3M4), the difference in masking to the mean value for the

corresponding single maskers amounted to the much larger

value of 16.0 dB (p< 0.001 for both comparisons) and excess

masking was 12.2 dB. The difference in masking between

conditions M2M3 and M3M4 was 12.7 dB (p< 0.001).

Adding a third lower-frequency masker (M1) to the pair

of lower-frequency maskers (M2M3) significantly increased

the amount of masking (5.7 dB; p< 0.001). In contrast, adding

a lower-frequency masker (M2) to the pair of flanking maskers

(M3M4) had no significant effect on the amount of masking

(0.33 dB; p¼ 1). Excess masking was much greater for the tri-

plet of flanking maskers (M2M3M4, 11.2 dB) than for the tri-

plet of lower-frequency maskers (M1M2M3, 4.7 dB).

Adding a fourth masker affected the amount of masking

only when a higher-frequency masker was added to a

lower-frequency triplet (M1M2M3M4 � M1M2M3, 9.9 dB;

p< 0.001; M1M2M3M4 � M2M3M4, 2.6 dB; p¼ 0.13).

Excess masking for the quadruple was 12.5 dB.

Overall, these comparisons suggest that combining flank-

ing maskers produces strong excess masking while combin-

ing (two or three) lower-frequency maskers produces only

very little excess masking.

C. Comparison to the literature

We confined the comparison to the literature to (1) stud-

ies involving sufficient frequency separation between

maskers and target so as to assume linear processing of the

maskers at the CF of the target and (2) sensation levels of

the target comparable to our study. Humes et al. (1992) tested

a configuration similar to our condition M3M4 using

bandpass-filtered noise maskers spectrally flanking a 2000-Hz

target. They tested several masker-to-target spectral separa-

tions. On average, for small spectral separations

(i.e.,< 200 Hz) leading to spectral overlap with the target,

excess masking was close to zero. For larger spectral separa-

tions, excess masking amounted to 4.4 dB. This amount of

excess masking is considerably less than that observed in con-

dition M3M4 of the present study. The smaller amount of

excess masking in Humes et al. (1992) is consistent with the

idea that the delay between masker and target onsets in their

study (100 ms) caused the MOCR to reduce BM compression

of the target. Note that for the spectral separations between

maskers and target in that study (less than one octave for the

lower-frequency maskers), the masker-induced MOCR would

still have affected the target (Lilaonitkul and Guinan, 2009).

In a second experiment, Humes et al. (1992) tested a con-

dition similar to our condition M2M3, namely a pair of lower-

frequency maskers. One masker was a 105-Hz pure tone and

the other masker was a bandpass-noise (275�1075 Hz). These

stimuli were designed to minimize confounding effects of com-

bination tones and envelope cues, as might have been involved

in earlier studies testing pairs of lower-frequency maskers

(Zwicker and Herla, 1975; Lutfi, 1983). On average across the

various target frequencies tested, excess masking was 3.9 dB,

which is slightly more than for our condition M2M3.

Excess masking for lower-frequency maskers is thought

to be related to USSM (see Introduction). For target-masker

frequency ratios and target levels approximately comparable

to our condition M2M3, masking growth rates of about 2.0

(Oxenham and Plack, 1998; Bacon et al., 1999) to 2.5 dB/dB

(Yasin and Plack, 2005) have been reported. Considering the

average rate of 2.2 dB/dB across these studies and assuming

intensity summation of the individual masker excitations

would lead to excess masking for a masker pair of (3 � 2.2)

� 3 ¼ 3.6 dB.6 This is slightly more than the 0.9 dB excess

masking obtained for condition M2M3. For a masker triple

the same growth rate would lead to excess masking of

(4.8� 2.2)� 4.8¼ 5.8 dB, which is close to the 4.7 dB

excess masking observed for condition M1M2M3.

In summary, excess masking for lower-frequency

Gaussian maskers appears to be in the same order as that

reported in the literature on simultaneous masking additivity

and USSM. However, excess masking for spectrally flanking

Gaussian maskers appears to be larger than in a previous

study applying a time delay between the masker and target

onsets that may have involved post-cochlear adaptation

effects such as the MOCR.

D. Factors potentially influencing excess masking

Assuming linear processing of the maskers and com-

pression of the target at the target CF, the standard model of

simultaneous masking additivity predicts that excess mask-

ing is similar for a pair of lower-frequency maskers and a

pair of flanking maskers. However, our results showed much

stronger excess masking for the flanking maskers than for

the lower-frequency maskers.
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There are a number of factors that could contribute ei-

ther to increased or decreased excess masking relative to the

prediction of the standard model.

1. Factors resulting in increased excess masking

As noted by Humes et al. (1992), excess masking for

flanking maskers can potentially be increased due to off-

frequency listening. Namely, in the single-masker conditions

the listeners can detect the target in a filter spectrally remote

from the masker, providing improved target detectability.

This off-frequency listening provides no advantage when the

two maskers representing the flanking-masker condition are

combined. Although off-frequency listening effects are gen-

erally relatively small at low target levels, we estimated their

contributions to the amount of excess masking for our condi-

tion with flanking maskers (M3M4, see Appendix). The out-

come of this analysis is that off-frequency listening effects

may have led to overestimation of the amount of excess mask-

ing for condition M3M4. However, the amount of overestima-

tion was predicted to be no more than 0.5 dB. Thus, the

“corrected” excess masking amounts to 12.2�0.5¼ 11.7 dB,7

which is still considerably more than that obtained for condi-

tion M2M3 (for which off-frequency listening provides no

advantage).

Any type of dip-listening cue available in the single-

masker conditions but not in the multiple-masker condition

can potentially result in overestimation of excess masking

(Moore, 1985). For the stimuli of the present study, however,

this explanation is unlikely because target and maskers had

the same envelopes and were gated simultaneously.

The perception of combination tones can also lead to

overestimation of excess masking by providing a detection

cue in the single-masker conditions which could be masked

in the combined-masker condition (Moore, 1985). However,

for the spectral separations chosen in the present study, none

of the most prominent combination tones (the cubic and the

simple difference tones, see Greenwood, 1971) was critical

with respect to such an effect. Moreover, pretests on the

most critical condition (M3) showed no effect of adding a

background noise used to mask combination tones (see

Sec. II D).

Finally, the availability of spectral shape cues could

have played a role. For the single- and multiple-masker con-

ditions with maskers on the lower-frequency side only (e.g.,

M2M3) where the target is the highest spectral component,

the listeners could have had access to salient spectral shape

cues, e.g., changes in the spectral tilt or the spectral center of

gravity. However, such cues are less likely to have been ac-

cessible in the conditions with flanking maskers (e.g.,

M3M4). This could have enhanced the amount of excess

masking in condition M3M4.

2. Factors resulting in decreased excess masking

Between-masker suppression effects could decrease

excess masking relative to the prediction of the standard

model if one masker reduces the “internal” response to

another masker (Humes and Jesteadt, 1989). This could

occur particularly for the lower-frequency maskers and thus

explain the lack of excess masking for condition M2M3. In

order to estimate the potential contribution of suppression,

we used a nonlinear model of the auditory periphery as

described in Plack et al. (2002). This model features the dual

resonance nonlinear filter introduced in Meddis et al. (2001)

and has been shown to be able to predict several masking

and suppression data (Plack et al., 2002; Recio-Spinoso and

Lopez-Poveda, 2010). First, we simulated the suppression of

masker M3 by M2, which amounted to 2.7 dB.8 Second, we

predicted the masked threshold of the target in the presence

of M2 and M3 either with their original equally effective

levels (63.6 and 61.5 dB SPL, respectively) or with M3

reduced by 2.7 dB. The predicted masked threshold of the

target was only 1.3 dB lower with suppressed M3 than with

original masker levels. This indicates that suppression of M3

by M2 had only a minor effect on effective masking and

thus does not appear to be a plausible explanation for the

small amount of excess masking for combination M2M3.

Additionally, note that the estimated small amount of sup-

pression for equal levels of suppressor (M2) and suppressee

(M3) is consistent with several earlier results (e.g., Sachs

and Kiang, 1968; Arthur et al., 1971; Delgutte, 1990).

Partial spectral overlap between adjacent maskers could

lead to uncontrolled interference effects and thus reduce the

amount of excess masking. In order to study the potential

effect of the spectral overlap for condition M2M3, we tested

two additional masker pairs avoiding spectral overlap on five

listeners (NH19 was replaced by a new listener). For both

pairs the closer masker was identical to M3 (�3 ERBs re tar-

get), while the more remote masker was set to either �7 or

�9 ERBs (re target). As a control condition, M2M3 was also

included. All other aspects were identical to the main experi-

ment. The mean amount of excess masking was 1.0, 0.0, and

2.3 dB, respectively, for the M2M3, �7 ERBs and �9 ERBs

conditions. Thus, the spectral overlap of the maskers was not

responsible for the lack of excess masking in condition

M2M3.

Decreased excess masking could be due to effects of the

maskers on the shape of the I/O function for the target. Both

physiological (Ruggero et al., 1992; Rhode and Recio, 2001)

and psychophysical studies (e.g., Yasin and Plack, 2007)

showed that the presence of a suppressor can linearize the

I/O function, i.e., reduce the compression, for a target at CF.

Considering the maskers of the present study as suppressors,

the data could be explained by assuming a stronger lineariza-

tion effect for lower-frequency suppressors than for higher-

frequency suppressors. While available data appear to show

a trend towards such a difference (e.g., Rhode and Recio,

2001; Yasin and Plack, 2007), the effects depend in a com-

plex manner on the specific frequency distance between the

suppressor and the target CF and the specific levels of target

and suppressor. Moreover, it is not clear if, or under which

conditions, the linearization effects of two (or more) maskers

add up. The available literature does not provide sufficient

information to allow estimating the linearization effects for

the stimulus configurations of the present study. We there-

fore used the nonlinear cochlear filter model described in

Plack et al. (2002) to quantitatively predict the target I/O

functions in presence of the masker combination M2M3.
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The results showed only marginal linearization in condition

M2M3, suggesting that linearization was not the reason for

reduced excess masking for that condition.

Thus far, we assumed that all maskers in the present

study are processed linearly at the CF of the target. It is pos-

sible, though, that the lower-frequency maskers are at least

partially compressed at the CF of the target. Accordingly,

there are some recent indications of partial compression of

maskers almost an octave below the target (Lopez-Poveda

and Alves-Pinto, 2008) or even lower (Plack and Arifianto,

2010). Consequently, the summed response to the combined

maskers at the target CF may be smaller than in case of lin-

ear processing of the maskers. This would in turn lower the

required increase in target level for the combined re single

masker conditions in order to maintain the same target-to-

masker ratio after cochlear compression, leading to reduced

excess masking. In the next section, we quantitatively pre-

dict excess masking for our experimental conditions by con-

sidering both intensity summation (standard model) and

weighted intensity summation of excitations from spectrally

remote maskers.

E. Modeling

First, the results for the combined maskers were pre-

dicted by the standard model of simultaneous masking addi-

tivity. Because this model assumes that the excitations of the

individual maskers at the target CF are summed in intensity

units, the same framework as that used to predict the additiv-

ity of forward masking (Plack et al., 2006; Plack et al.,
2008; Laback et al., 2011) can be applied, with the concep-

tual difference that the masker effects are summed simulta-

neously, i.e., jointly, rather than by means of a temporal

integration window. A measure of the masking effect, E, can

be taken as the target intensity at masked threshold after

cochlear compression,

E ¼ f ðSÞ; (2)

where S is the target intensity at threshold (in dB). Following

Plack et al. (2006), the cochlear I/O function was modeled as

a third-order polynomial defined by

f ðxÞ ¼ ax3 þ bx2 þ cx; (3)

where x is the input signal intensity (in dB SPL) and a, b,

and c are coefficients (note that the intercept of the function

is not constrained by the data and does not affect the predic-

tions of the model). Assuming that the effects of the maskers

(M1,… Mn) add linearly,

ECOMB ¼ EMI þ � � � þ EMn; (4)

where EM1…EMn are the masking effects of each masker and

ECOMB is the combined masking effect. Substituting from

Eq. (2) and solving for S, including the conversion from dB

to intensity units, gives

SCOMB ¼ f�1ð10 logð10f ðSM1Þ=10 þ � � � þ 10f ðSMnÞ=10ÞÞ;
(5)

where SM1…SMn are the target intensities at threshold (in

dB) in the presence of the individual maskers and SCOMB is

the target intensity at threshold (in dB) in the presence of n
maskers combined. Using this equation in combination with

Eq. (3) as the function f, the thresholds for the single maskers

(SM1…SMn) were used as the inputs of the model and the

thresholds in the presence of the combined maskers (SCOMB)

were predicted. As estimates of the function f, we used the

I/O functions derived in Laback et al. (2011) for nonsimulta-

neous Gaussian maskers assuming that (1) BM compression

of the target is similar in nonsimultaneous and simultaneous

masking, as suggested in Yasin and Plack (2005), and (2) the

shapes of the I/O functions are approximately comparable at

the two frequencies 5611 and 4000 Hz. For listener NH14,

who did not participate in the study of Laback et al. (2011),

we used the mean I/O function derived from the other four

listeners.

The dashed lines in the panels of Fig. 1 show the model

predictions. The model gives a reasonable account of mask-

ing additivity only for condition M3M4 (on average, excess

masking in that condition is overestimated by about 3 dB).

For all other conditions, the model systematically overesti-

mates masking additivity by at least 10 dB. The only excep-

tion is listener NH19, for whom the prediction error is much

smaller. This listener showed the steepest—thus the least

compressive—I/O function in Laback et al. (2011). The rea-

sonable prediction for condition M3M4 is consistent with

the assumption that the strong BM compression observed in

nonsimultaneous masking also applies to simultaneous

masking, using short Gaussian stimuli in both cases.

The predictions also indicate that some mechanism that

is not accounted for in the model limits excess masking for

the lower-frequency maskers. As described above, it is

conceivable that the combined response to the maskers at

the target CF is less than that corresponding to intensity

summation, which would result in less excess masking than

predicted by the standard model. Because the maskers them-

selves are not included in the model, their processing cannot

directly be incorporated into the model. However, the conse-

quence of nonlinear masker processing on the summation of

individual masker effects (EM1…EMn) can be incorporated

into the model by weighting their measures (f(SM1)…f(SMn))

SCOMB ¼ f�1ð10 logð10½f ðSM1Þþaðk1�1Þ�=10 þ � � �
þ 10 ½f ðSMnÞþaðkn�1Þ�=10ÞÞ: (6)

The factors k1…kn represent the weightings9 for the individ-

ual maskers (M1… Mn) in the summation process. In order

to obtain intensity summation of masking effects when all k
values are 1 and to obtain no summation at all (i.e, no excita-

tion difference between single and multiple maskers) when

all k values are zero, the model parameter a has to be set

depending on the number of maskers: it has the value 3.0 for

two maskers, 4.77 for three maskers, and 6.0 for four

maskers.10 By this dependency of the exponents of the indi-

vidual masker terms on the total number of maskers (and on

k), the model mimics the variable contribution of the individ-

ual maskers in the summation process. In other words, it

controls the efficiency of the summation of masker-induced
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excitations at the target CF. Note that this formulation pre-

dicts maximum excess masking in case of intensity summa-

tion (k¼ 1) and linear masking additivity (no excess

masking) if k equals the slope of the I/O function for the tar-

get (f(x)). Note the difference of this model to the nonsimul-

taneous masking model. For the latter, the individual

maskers are processed before summing their effects and thus

excess masking depends on the I/O function of the target

only, not on the particular processing of the maskers (see

Appendix of Oxenham and Moore, 1995).

We determined the values of k1, k2, k3, and k4 that best

predict the overall pattern of the data in a two-stage

approach. In the first stage, k2, k3, and k4 were optimized to

best predict the results for the conditions M2M3 and M3M4

by minimizing the sum of the squared deviations between

predictions and data (in dB). In the second stage, k2, k3, and

k4 were fixed to the optimum values found in the first stage

and k1 was optimized to best predict the remaining condi-

tions M1M2M3, M2M3M4, and M1M2M3M4. The reason

for using this two-stage approach was that the conditions

with more than two maskers could potentially involve more

complex interaction effects such as suppression as compared

to the masker pairs. Thus, we attempted to minimize the

influence of such effects on the predictions for the masker

pairs M2M3 and M3M4. The optimum k-values determined

for the individual listeners and for the mean data are listed in

Table II. The model predictions for the individually

“optimized” k-values are shown in Fig. 1 with solid lines.11

The results show that the data can be best predicted assum-

ing low to moderate weighting of the lower-frequency

maskers (M1, M2, M3) and high weighting of M4 in the

summation process. The optimized k-values of some listen-

ers vary nonmonotonically across the three lower-frequency

maskers with larger values for M2 than for M1 and M3. One

possible interpretation of the k-values is to consider them as

reflecting the amount of compression the individual maskers

are subjected to at the target CF. Based on this interpretation,

the nonmonotonic variation of k-values appears implausible

from a physiological point of view. Even though a large

amount of within and across-listener variability appears to

be typical for psychophysical estimates of cochlear compres-

sion (e.g., Rosengard et al., 2005), this unexpected behavior

may suggest that some other factors besides compression

influenced the summation of masker excitations. Finally, it

should be noted that our approach to freely vary the individ-

ual k-values for all four maskers and, thus, to somehow

over-fit the model, was motivated by the goal of identifying

a configuration of weighting factors in the summation pro-

cess that best explained the data for all masker combinations

rather than obtaining the best predictions of masked

thresholds.

IV. SUMMARY AND CONCLUSIONS

In this study we reported measurements of the additivity

of simultaneous masking for several combinations of short

Gaussian-shaped tones. According to the majority of the

published physiological BM measurement studies we are

aware of, all maskers were sufficiently spectrally separated

from the target so as to be considered as being processed lin-

early at the CF of the target. For such a configuration, the

“standard” model of simultaneous masking additivity

(Oxenham and Moore, 1995) predicts excess masking. This

model considers that the target is compressed and assumes

that the 3-dB increase of masker-induced excitation resulting

from the addition of a second masker requires more than a 3-

dB increase of the target level relative to the single-masker

condition to maintain the threshold criterion. The results of

the present study for a pair of flanking maskers (condition

M3M4) indeed showed strong excess masking (mean value:

12.2 dB), in agreement with the predictions of the standard

model using I/O functions derived from an experiment on

nonsimultaneous masking additivity with the same type of

stimuli and listeners (Laback et al., 2011). In that study,

excess masking was found to be stronger than in previous

nonsimultaneous masking studies using comparable target

levels but longer masker durations. The stronger excess

masking was attributed to the much shorter interval between

the onset of the first masker and the onset of the target in

Laback et al. (2011) than in previous studies. It was argued

that if the between-stimuli interval exceeds the onset delay

of the MOCR, the MOCR reduces the cochlear gain (and

thus probably also the amount of compression) for the target,

resulting in less excess masking. Similarly, the amount of

excess masking for the flanking simultaneous maskers of the

present study was found to be much stronger than in a previ-

ous study (Humes et al., 1992) that used a comparable spec-

tral configuration but involved a delay between the masker

and target onsets. Because this delay exceeded the MOCR

onset delay, the activation of the MOCR seemed to have

reduced the amount of excess masking in Humes et al.
(1992) as compared to the present study. Together, the

results suggest similar amounts of excess masking in simul-

taneous masking with spectrally flanking maskers and in

nonsimultaneous masking if the activation of the MOCR is

avoided. It should be noted that the effects attributed here to

the MOCR might also be due to some other post-cochlear

adaptation mechanism.

We have discussed the role of factors potentially caus-

ing overestimation of excess masking for flanking maskers.

We provided arguments for why it is unlikely that off-

frequency listening, envelope cues, or combination tone per-

ception played an important role. Although the restricted

access to spectral-shape cues for the flanking-masker condi-

tion could have contributed to excess masking, an important

influence of such spectral cues does not appear likely, given

TABLE II. Weighting factors kn corresponding to each of the maskers Mn

that result in model predictions best fitting the experimental data.

Listener k1 k2 k3 k4

NH2 0.3 0.3 0.2 1

NH19 1 0.1 1 1

NH23 0.1 0.1 0.8 1

NH25 0.6 0.1 0.2 0.9

NH14 0.2 0.1 0.2 0.9

Mean 0.44 0.14 0.48 0.96

SD 0.36 0.09 0.39 0.05
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that the amount of excess masking was well-predicted by the

“standard” model of masking additivity.

In contrast to the flanking maskers, the results for a pair of

lower-frequency maskers (condition M2M3) showed essen-

tially no excess masking (mean value: 0.9 dB). Similarly, for

combinations of more than two lower-frequency maskers,

very little excess masking was observed. These results are

inconsistent with the standard model of simultaneous masking

additivity that does not predict any difference between lower-

frequency and flanking maskers. We discussed a number of

factors potentially causing reduced excess masking for the

lower-frequency maskers. We showed that between-masker

suppression and between-masker spectral overlap appear to be

unlikely explanations. We considered also the linearization of

the target I/O function by the suppressive effect of the

maskers. However, the available literature data appear to be

too limited to allow an interpretation of our data, particularly

with respect to the dependency of the linearization effect on

the frequency and level relationships between suppressor and

target. Therefore, we performed a model simulation of the lin-

earization effect using a nonlinear filter model, showing only

marginal linearization of the target I/O function and, thus, pro-

viding no support for the linearization explanation.

We then questioned the assumption of linear processing

of the maskers, inspired by some recent psychophysical stud-

ies suggesting partial compression of lower-frequency

maskers (Lopez-Poveda and Alves-Pinto, 2008; Plack and

Arifianto, 2010). Because partial compression of the lower-

frequency maskers could explain reduced excess masking,

we reran a modification of the standard model that incorpo-

rated a weighting of the contributions of the individual

maskers in the summation process as free parameters. The

data were best predicted when assuming high weighting of

the higher-frequency masker and low to moderate weighting

of the lower-frequency maskers. One interpretation of the

weights in the summation process is that they reflect the

amount of compression the individual maskers are subjected

to at the target CF. Plack and Arifianto (2010) suggested that

the compression of lower-frequency maskers may be due to

the compressive nonlinearity of the inner hair cells

(Cheatham and Dallos, 2001; Lopez-Poveda and Eustaquio-

Martin, 2006). Because such a mechanism appears to affect

all CFs similarly, it may explain to some extent the lack of

excess masking for the lower-frequency maskers but it can

hardly explain the strong excess masking observed for flank-

ing maskers. Thus, currently we cannot offer a physiologi-

cally plausible explanation for the data. It should be

considered, though, that physiological measurements of on-

and off-frequency I/O functions without and with suppres-

sors are mostly based on stimuli which were much longer

than the very short stimuli of the present study. The results

might differ for such short stimuli. To that end, collecting

physiological measurement of I/O functions for short stimuli

placed below, at, and above CF may provide insight.

Finally, our results on the excess masking for the lower-

frequency maskers were found to be roughly consistent with

data on the USSM for similar target-masker frequency ratios

and target levels (Oxenham and Plack, 1998; Bacon et al.,
1999; Yasin and Plack, 2005). Both excess masking and

USSM are smaller than expected from linear processing of

the maskers and compression of the target. We assume that

increasing the level of a lower-frequency masker (USSM) by

3 dB and combining two lower-frequency maskers (masking

additivity) both cause the same excitation change at the CF

of the target. Thus, we can also assume that the mecha-

nism(s) limiting excess masking for lower-frequency

maskers are the same as those that limit the growth rate of

USSM. In psychophysical (Yasin and Plack, 2003, 2007)

and physiological (Ruggero, 1992) studies, it has been sug-

gested that for mid-level targets, lower-frequency maskers

may reduce the USSM by linearizing the I/O function. To

our knowledge, an explanation in terms of weighted summa-

tion such as resulting from compression of lower-frequency

maskers has not yet been considered in the literature.
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APPENDIX

The measurement of masked thresholds for the single-

masker conditions may have involved off-frequency listen-

ing effects: the listeners could have used auditory filters

remote from the target frequency to detect the target. This

could provide a detection advantage in the single-masker

conditions but not in the flanking masker condition (M3M4),

which would in turn affect the estimated amount of excess

masking. In order to quantitatively estimate the effect of off-

frequency listening for maskers M3 and M4, we simulated

the signal-to-masker level ratios at the output of the nonlin-

ear model of the auditory periphery as described in Plack

et al. (2002) at center frequencies surrounding the target.

Twenty-two filters equally spaced on the ERB-rate scale

within the range 5015 to 6340 Hz and four additional filters

for condition M4 were calculated. The signal-to-masker

ratios were determined for masker and target levels as used

in the experiment, taking the mean data across listeners. The

absolute threshold was taken into account as a noise floor.

As an estimate of the absolute threshold, we used the shape

of the minimum audible pressure (MAP) correction curves

(ISO recommendation R. 389), up-shifted in level by the dif-

ference in mean absolute threshold for a Gaussian at

5611 Hz and the MAP curve at that frequency. Figure 2

shows the signal-to-masker ratios (in dB) at the outputs of

the auditory filters as a function of the filters’ center
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frequencies for maskers M3 and M4. The vertical dashed

line indicates the target frequency. The curve for M3

(squares) has the maximum at 5803 Hz, thus slightly above

the target frequency, and the curve for M4 (circles) has the

maximum at 5072 Hz (see arrow), thus below the target fre-

quency. This indicates that off-frequency listening could

have provided an advantage for these two maskers. The off-

frequency listening advantage was calculated as the differ-

ence in signal-to-masker level ratios between the filter cen-

tered at the target and the filter corresponding to the

maximum. This advantage amounted to 0.5 dB for M3 and

0.2 dB for M4. Thus, excess masking for condition M3M4

may have been overestimated by maximally 0.5 dB.

1The onset delay is defined as the delay between the onset of the stimulus

and the onset of the MOCR-induced gain reduction.
2In some conditions of Bacon et al. (1999), the masker-target delay was

considerably smaller, but the effect of temporal configuration was not

systematically studied.
3The masker frequencies were �55% (M1), �43% (M2), �29% (M3), and

þ40% (M4) relative to the target frequency. So, for the lower-frequency

maskers all BM measurement studies we are aware of are consistent with

linear masker processing. For the higher-frequency masker also the ma-

jority of studies suggests linear processing, while one study (Rhode and

Recio, 2000) suggests partial compression. A further caveat is that all

BM studies are based on measurements in animals and it is unclear how

these results can be transferred to humans.
4The upper cutoff frequency of the noise was set to the upper edge of

the auditory filter (as specified by means of its ERB) centered at the cubic

difference tone frequency (2*FM - FT, with FT ¼ target frequency, FM

¼masker frequency, and FT > FM).
5As described in Laback et al. (2011), the more straight-forward method

of varying the masker level often resulted in nonconverging adaptive

tracks and was therefore replaced by the iterative approach.
6The calculation of excess masking is based on a 3-dB increase of level

(corresponding to linear additivity of two equal-level stimuli), multiplied

by the growth factor, the result of which is subtracted by 3 dB to account

for the linear additivity effect.
7We assume that the “corrected” amount of excess masking corresponds to

that which would have been obtained if off-frequency listening had been

avoided by adding a background noise.
8The estimation of suppression was done by predicting the masked thresh-

old for a Gaussian at the frequency of M3 in presence of M3 either with

or without M2 (see also Plack et al., 2002, for the procedure to predict

suppression).
9While weightings are usually multiplicative, they are included as additive

terms because the exponents in Eq. (6) are in dB units.
10These values correspond to the level increases (in dB) resulting from the

summation of n maskers in power units. Note that this formulation

assumes equally effective maskers, which is fulfilled in the present study.

The dependency of excess masking on k stems from the fact that for the
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ing effect depends on k.
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maskers might have affected the model predictions, we also applied a

one-stage approach: In this case the values of k1, k2, k3, and k4 were opti-
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