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Chapterr 4 

Introductionn to the 
perceptionn of Sinusoidally 
Amplitudee Modulated 
(SAM)) signals 

Ass has been discussed in the first three chapters of this thesis, important sounds in 

ourr natural environment, such as speech and music, are dynamic or time-varying. 

Thiss means that they can be characterized by changes in amplitude or frequency, 

usuallyy both. Hence, the ability to resolve dynamic changes must be important for 

thee auditory processing of complex sounds. 

4.11 Temporal resolution 

Temporall  resolution refers to the ability of a subject to detect changes over time 

withinn a signal and might be derived from one of the following measures: 

1.. Sensitivity to amplitude modulation; the sensitivity to temporal 

fluctuations,, known as amplitude modulation, imposed on a signal. 
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2.. Gap-detection thresholds; the duration necessary to detect a brief gap in 

aa signal. 

3.. Non-simultaneous masking; the reduced sensitivity to a target due to a 

maskerr that preceded or followed the target. This is known as forward and 

backwardd masking, respectively. 

Thiss thesis concentrates on the sensitivity to sinusoidally amplitude modulated 

(SAM)) signals. 

AA major difficulty in measuring temporal resolution in the auditory system is 

thatt changes in the time pattern of a sound, often also induce a change in the 

frequencyy spectrum of the signal. Additional cues are presented, which may aid 

detection.. Hence the sensitivity to spectral changes rather than temporal resolution 

mayy be measured. 

4.1.11 Inherent fluctuations and temporal processing 

Anotherr difficulty in measuring temporal resolution is that noise is defined by 

randomm fluctuations in the magnitude spectrum of the signal. These fluctuations 

mayy interfere with the temporal task. Figure 4.1 (panel A) shows two bands of 

Gaussiann distributed noise of equal energy, a narrowband noise (left hand side) and 

aa wideband noise (right hand side). The slow fluctuations in the narrowband signal 

aree more pronounced than in the wideband signal. Panel B presents the power 

spectrumm of the Gaussian bandpass noises. The spectrum of the squared envelope 

(panell  C) of these noises is given by the DC-component and a sloping spectrum up 

too the bandwidth of the carrier (Lawson and Uhlenbeck, 1950). The area covered 

byy the squared envelope spectrum depends on the bandwidth and the level of the 

carrier. . 

Forr noise carriers, the following rules are valid : 

1.. the ratio between the DC-component and the area covered by the modulation 

spectrumm is constant as a function of level and bandwidth. 

2.. the bandwidth of the stimulus determines the range covered by the spectrum 

off  the envelope. 
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Figuree 4.1: Inherent fluctuations of a signal are determined by the bandwidth of the 
signal.signal. For a narrowband signal (10 Hz wide; 707 Hz; left hand side panel A) these 
fluctuationsfluctuations are more prominent than for a wideband signal (1 octave; 707 Hz; right 
handhand side). Panel B shows the power spectra of both signals. Panel C shows the 
spectrumspectrum of the envelope. The dashed and solid curves represent the narrowband 
andand wideband signals, respectively 

Increasingg the bandwidth, increases the the range of modulation frequencies and 

sincee the total area underneath the modulation spectrum is constant, the spectrum 

becomess broader and flatter (see panel C). Hence, widening the bandwidth, results 

inn stronger fast fluctuations and weaker slow fluctuations. For a more extensive 

summary,, see Dau (1996). 
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4.1.22 Modulation detection 

Thee modulation detection threshold refers to the modulation depth required to 

detectt the modulation of a carrier. Viemeister (1979) measured the ability to detect 

thee modulation in amplitude of a broadband noise carrier as a function of the rapidity 

off  the changes, or modulation frequency. The function relating the sensitivity to 

SAMM (sinusoidal amplitude modulation) and the modulation frequency was termed 

ass the temporal modulation transfer function (TMTF). The sensitivity to SAM is 

likelyy to depend on the bandwidth of the carrier. Due to the amount of inherent 

fluctuationsfluctuations in the unmodulated signal, the task to detect a modulated signal shifts 

fromm modulation detection to modulation discrimination. For narrowband carriers 

thee effects will be largest for low modulation rates, whereas the detection of fast 

fluctuationss wil l be less hampered. For larger bandwidths. the opposite is likely 

too occur. The sensitivity to high modulation rates will be affected, whereas the 

detectionn for low modulation rates becomes easier. 

4.1.33 Gap-detection 

Sincee abrupt gating does not have an effect on the long-term magnitude spectrum 

off  a. broadband white noise, the threshold for detecting a gap in a broadband noise 

providess a simple measure of temporal resolution. Gap detection thresholds for 

broadbandd noises are typically in the order of 2-3 ms (Plomp, 1964). Gap detection 

thresholdss are relatively constant as a function of exposure level. 

Sloww fluctuations of noises may reduce the sensitivity to temporal gaps, by 

changingg the gap-detection task into a gap-discrimination task. Such confusions with 

thee actual gap are more likely to occur in the presence of slow inherent fluctuations 

thann in the presence of fast fluctuations. Since slow inherent fluctuations are more 

prominentt in a narrowband than in a broadband signal, gap-detection thresholds 

decreasee as bandwidth increases (Shailer and Moore, 1983, 1985). If the relative 

bandwidth**  is kept constant, thereby increasing the overall bandwidth as a function 

off  frequency, gap detection thresholds decrease monotonically as center frequency 

increases,, whereas gap detection thresholds are almost constant as a function of 

frequencyy when the absolute bandwidth is kept constant̂ (Eddins et al., 1992). 

**  Relative bandwidth : bandwidth expressed as a proportion of the center frequency 
tt Absolute bandwidth : bandwidth in Hz 
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Thiss indicates that the absolute bandwidth is indeed the determining factor of 

gap-detectionn thresholds. However, the bandwidth of the auditory filter increases 

forr increasing center frequencies. When the noise bandwidth is larger than the 

auditoryy filter bandwidth, the fluctuations at the output of the auditory filter are 

slowerr than those at the input. Hence, gap-detection was expected to increase with 

centerr frequency. The fact that gap-detection thresholds for absolute bandwidths 

doo not decrease as frequency increases suggests that information can be combined 

acrosss different auditory filters. Exciting different filters may increase performance, 

sincee the inherent fluctuations are frequency dependent and therefore asynchronous, 

whereass the gap is synchronous for the different frequencies. Hence, comparing a 

numberr of filter outputs for a constant bandwidth may increase performance. 

4.1.44 Non-simultaneous masking 

Thee sensitivity to a short target decreases when target and masker are presented 

simultaneously.. However, the sensitivity to a target may also deteriorate when it is 

precededd by, or followed by a masker. This is referred to as forward, or backward 

masking,, respectively. 

Forwardd masking is reduced according to an exponential function as the 

temporall  separation between target and masker increases. Jesteadt et al. (1982) 

showedd that the sensitivity to a target is given by its detection threshold in quiet 

whenn the temporal separation between target and masker is as large as 100-200 ms. 

InIn addition, masking increases proportionally with the masker level. The amount of 

forwardd masking increases with the duration of the masker up to at least 50-200 ms. 

Thee nature of forward masking is still not fully understood. It can be explained by 

aa reduction in the sensitivity of recently stimulated cells, or by the neural activity 

evokedd by the masker itself. Since cochlear implant users experience forward masking 

effectss on a similar scale as normal hearing subjects, forward masking is not purely 

ann effect of ringing on the basilar membrane (Shannon, 1990). 

Thee concept underlying backward masking is also not fully understood. Highly 

trainedd subjects show hardly an effect of backward masking, indicating that it may 

bee based on confusion. Duifhuis (1973) reported that monaural*  backward masking 

ff  Monaural : a situation where the signal reaches one ear 
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appearss to he far more prominent than dichotiĉ  backward masking, which indicates 

thatt the origin of backward masking is mainly located peripherally, but also part ly 

central. . 

4.22 The perception of SAM-signals 

4.2.11 Modulation detection for broadband carriers 

Thee T M T F for broadband signals can be considered as a valid representation of 

temporall  resolution, since the long-term frequency spectrum of a broadband sound 

doess not provide addit ional cues to facilitate temporal processing. The T M T F for 

broadbandd carriers is independent of modulation frequency up to about 16 Hz. 

Increasingg the modulat ion frequency beyond 16 Hz reduces the sensitivity to SAM by 

approximatelyy 4-5 dB/oc t. up to approximately 1000 Hz for which SAM cannot be 

detectedd (Viemeister. 1979). The shape of the T M T F can be seen as a low-pass filter 

wit hh a cut-off frequency (-3 dB) at approximately 50 Hz. Up to 16 Hz. performance 

iss mainly limited by the ability to detect differences in ampli tude, for modulation 

frequenciess above 16 Hz temporal resolution starts to play a role. The sensitivity to 

SAM.. as determined by the T M T F is almost independent of level using a broadband 

noisee carrier, except for exposure levels below 20-30 dB SL. where the sensitivity to 

SAMM star ts to decrease (Viemeister. 1979). 

4.2.22 Modulation detection for pure tone carriers 

Chapterr 2 i l lustrates how the power spectrum of a modulated sinusoid is built 

upp of three spectral components. These are the frequency of the carrier and 

sidebandss on each side of the carrier frequency each separated from the carrier by 

thee modulat ion frequency (see Figure 2.1). If the bandwidth of the auditory filter 

centeredd at the center frequency is sufficiently small with regard to the modulation 

frequency,, the sidebands may form a cue on which modulation can be detected. 

Similarr to the T M T F for broadband noises, the sensitivity to SAM for sinusoidal 

carrierss remains constant as a function of modulation frequency at low modulation 

frequencies,, and decreases by approximately 5-8 dB/octave for higher modulation 

*Dichoticc : a situation where the signal reaching the ears is different for both ears 
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frequencies.. However, the TMTF for pure tone carriers differs from the TMTF 

forr broadband carriers in two ways. Firstly, the sensitivity to SAM using pure tone 

carrierss increases for modulation frequencies larger than given modulation frequency 

(Kohlrauschh et al., 2000). The modulation frequency, after which the sensitivity 

too SAM increases, depends on the carrier frequency. The sensitivity to SAM for 

broadbandd carriers continues to decrease. Secondly, the initial fiat proportion of 

thee TMTF for sinusoidal carriers extends to approximately 100-130 Hz. This is 

relativelyy high compared to the TMTF for broadband carriers, which extends to 

approximatelyy 50 Hz. It is likely that the discrepancy between these two cut-off 

frequenciess can be attributed to the difference in inherent fluctuations in the time-

waveforms.. The part of the TMTF for pure tone carriers at which the sensitivity to 

SAMM decreases for modulation frequencies above 100-130 Hz, presumably presents 

thee part for which temporal resolution is limited by the human ear. The third 

partt of the TMTF, in which the sensitivity to SAM increases is likely to reflect the 

abilityy to detect spectral sidebands. For carrier frequencies below approximately 1 

kHz,, the sensitivity to SAM for modulation frequencies above 100-130 Hz increases 

ratherr than decreases. This is probably due to the relative narrow bandwidths of 

thee auditory filters at these frequencies (ERB\kHz = 133 Hz), offering the ability to 

detectt the modulation based on the spectral sidebands for modulation rates above 

1300 Hz. 

Thee sensitivity to SAM generally increases with carrier level. At very low levels, 

thee reduction in sensitivity to SAM as a function of the modulation frequency is also 

reportedd for 1 kHz carriers. For these low sensation levels, the spectral sidebands 

aree below the detection threshold, resulting in a reduced sensitivity to SAM. 

4.2.33 Modulation detection as a function of the bandwidth 

Thee inherent fluctuations of the carrier (see Fig. 4.1) may reduce the sensitivity to 

SAMM by changing the modulation detection task into a modulation discrimination 

task,, with the inherent fluctuations serving as a reference depth and the modulation 

off  the implied envelope as the change in modulation depth. 
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Increasingg the bandwidth in terms of inherent fluctuations, leads to: 

1.. a reduction in the modulation power of low modulation frequencies. 

2.. an increasing modulation power of high modulation frequencies. 

Hence,, decreasing bandwidth is likely to affect the sensitivity to SAM. In addition, 

spectrall  sidebands may influence the sensitivity to SAM. 

Severall  studies have shown an increase in temporal resolution as center 

frequencyy increases using relatively wide bands of noise (Viemeister. 1979; Bacon 

andd Viemeister. 1985: Formby and Muir. 1988). However, in most studies, the 

bandwidthh increased with the center frequency of the carrier. Studies that measured 

thee sensitivity to SAM as a function of carrier frequency whilst keeping the absolute 

bandwidthh constant, found no effect of center frequency (Eddins. 1993: Dau et ah. 

1997a).. Dau et al. (1999) measured the sensitivity to SAM as a function of 

bandwidthh using three different modulation frequencies. The bandwidth ranged 

fromm 1 Hz to 6 kHz (using a fixed upper cut-off frequency of 6 kHz). Sensitivity 

too SAM was highest when using a carrier bandwidth of 1 Hz and reduces up to 

thee bandwidth corresponding to 2-4 times the applied modulation frequency. The 

sensitivityy to SAM increases with increasing carrier bandwidth for bandwidths wider 

thann 2-4 times the modulation frequency. 

Besidess the bandwidth, the sensitivity to SAM depends on the type of noise. 

Dauu et al. (1999) differentiated between three different types of noise: Gaussian 

noise:: multiplied noise: and low-noise noise .̂ The sensitivity to SAM is low for 

thee Gaussian or multiplied noise carriers for low modulation frequencies and high 

forr fast modulation frequencies This is in agreement with the noise characteristics 

off  the envelope spectrum. The sensitivity to SAM increases relatively fast for the 

^Thesee three noises differ in envelope and envelope spectrum from each other. 

1.. Envelope: the envelope of the low-noise noise is fiat as a function of time relative to the 
otherr two noises. 

2.. The spectrum of the squared envelope for a : 

(a)) Gaussian noise is given by the triangular shape of figure 4.1C 

(b)) multiplied noise is. ideally, given by a rectangular shape ranging to half its modulation 
frequency y 

(c)) low noise noise is, ideally, given by a triangular shape with fewer slow fluctuations 
thann fast fluctuation, with its maximum at the bandwidth of the carrier. 



4-2.4-2. The perception of SAM-signals 47 7 

multipliedd noise compared to the Gaussian noise for modulation frequencies larger 

thann half the carrier bandwidth. In addition, the sensitivity to SAM using a low 

noisee noise carrier is high for low modulation frequencies and relatively low for high 

modulationn frequencies. 

4.2.44 Stimulus duration 

Mostt studies measured modulation detection using a constant stimulus duration. 

However,, it seems plausible that the sensitivity to SAM is. at least to some extent, 

determinedd by the duration of the stimulus. In an extreme situation, modulation 

detectionn based on a single cycle would lead to poorer results than modulation 

detectionn based on multiple cycles. The sensitivity to SAM does generally increase 

withh duration (Viemeister, 1979: Lee and Bacon, 1997). The concept of 'critical 

duration'' is adopted, to describe the duration for which longer exposure times will 

nott lead to a higher sensitivity to SAM for that modulation frequency. This duration 

generallyy corresponds to 4 or 5 cycles of the modulator (Lee and Bacon, 1997). 

Thee concept follows the multiple-looks model proposed by Viemeister and Wakefield 

(1991).. This model suggests that signals are sampled at a fairly high rate (integrated 

overr approximately 3 ms). These samples, or "looks", are stored in a short-term 

memory,, which can be accessed easily and processed selectively. 

4.2.55 Modulation discrimination 

Modulationn depth discrimination extends modulation detection by offering 

informationn on the ability of the auditory system to use, rather than detect, envelope 

fluctuations.. The just noticeable difference in modulation depth for a broadband 

noisee carrier with a reference modulation depth of less than -10 dB is smaller than, 

orr equal to the sensitivity to a change in SAM for relatively low reference depths 

(-255 dB) when the difference in modulation power (20 log10[m^ - m]])  is plotted as 

aa function of the standard modulation depth (20 log]0[m'f]) . For reference depths 

abovee -10 dB, the just noticeable differences in modulation depth increases rapidly 

(Wakefieldd and Viemeister, 1990). This behavior has been reported for modulation 

ratess up to 400 Hz. 

Weber'ss law (see Eq. 4.1) states that the smallest detectable change in a 
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stimuluss (AS), is proportional to the magnitude of that stimulus (S). 

Thee constant (C) is referred to as the Weber fraction. For modulation 

discrimination,, the function relating the just noticeable difference in modulation 

depthh and the reference depth indicates that this law holds for modulation depths 

upp to approximately -7 dB (m = 0.45) independent of carrier type (von Fleischer. 

1980:: Ozimek and Sek. 1988: Wakefield and Viemeister. 1990). The sensitivity to a 

changee in SAM increases for reference depths larger than -7 dB. 

4.33 The effects of hearing-impairment 

4.3.11 Loudness recruitment 

Thee first symptom of hearing-impairment is generally given by a reduced audibility 

off  signals. However, the perception of supra-threshold signals can also be abnormal, 

forr example, the perception of loudness. Loudness is the sensation that is attributed 

too a sound on a scale between the detection threshold and the uncomfortable loudness 

(UCL).. Hence, loudness is a subjective measure and may depend on a variety 

off  parameters". Whereas detection thresholds are elevated for hearing-impaired 

subjects,, the UCL is generally similar to or lower than the UCL for normal hearing 

subjectss (see dotted line Fig. 4.2). Most hearing-impaired subjects with hearing 

lossess of cochlear origin**  show this phenomenon, which is referred to as loudness 

recruitmentt (Steinberg and Gardner. 1937). 

Thee perceived loudness for hearing-impaired subjects of signals presented at 

thresholdss and at UCL is comparable to that of normal hearing subjects, namely 

justt audible and too loud. This suggests that the growth in loudness as a function of 

intensityy must be faster for hearing-impaired than for normal hearing subjects. This 

iss illustrated by the difference in the slopes of the dotted and solid lines in Figure 

4.2.. New insights provided by Buns and Florentine (2002) suggest that the loudness 

Besidess level, loudness is known to depend upon bandwidth, frequency, duration and temporal 
structuree (e.g. amplitude modulations). 

**I nn the remainder of this thesis we will refer to hearing-impairment when we refer to hearing 
lossess of cochlear origin or sensorineural origin, unless explicitly stated otherwise. 
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Figuree 4.2: Perceived loudness (ordinate) as a function of stimulus level (abscissa) 
forfor three different configurations. Normal hearing subjects (NH); a conventional 
viewview of loudness recruitment for hearing-impaired subjects (loudness equal to 0 at 
detectiondetection threshold) according to Steinberg and Gardner (1937) (SSzG); loudness 
recruitmentrecruitment following new insights by Buus and Florentine (2002) (B&F)(loudness 
aboveabove 0 at detection threshold) 

at,, or just above threshold may differ for normal hearing and hearing-impaired 

subjects.. The loudness just above the threshold is thought to be higher than 0, which 

suggestss that recruitment is partly attributable to softness imperception. Although 

thee evidence is convincing, there are also data that cannot be explained by this 

hypothesis. . 

Loudnesss recruitment is often linked to an impaired cochlea and more 

specificallyy to an impairment of the inner and outer haircells on the basilar 

membrane.. The basilar membrane of the normal hearing ear acts non-linearly. This 

impliess that increasing the input by a certain factor does not result in a similar 

incrementt at the output of the basilar membrane (Robles and Rich, 1986). For low 

andd high input levels (below 20-30 dB SPL and above 80-90 dB SPL), the input-

outputt function for normal hearing ears acts more linearly. For intermediate levels, 

thee slope is much more compressive, indicating that the output increases by a smaller 



50 0 ChapterChapter 4- Introduction to the perception of SAM signals 

amountt than the input. This non-linearity mainly occurs when the stimulating 

frequencyy is close to the characteristic frequency of the neuron ,̂ the input-output 

relationn becomes more linear for larger frequency separations. In the case of cochlear 

damage,, the compressive part for medium levels becomes more linear. 

4.3.22 Temporal resolution for hearing-impaired subjects 

Glasbergg et al. (1987) measured forward masking for unilaterally hearing-impaired 

subjects".. Their results indicate that the rate of recovery from forward masking, 

servingg as a measure of temporal resolution, occurs more rapidly for normal ears than 

forr impaired ears when the comparison is made at equal SPL. However, comparison 

att equal SL, indicated that the differences between normal and hearing-impaired 

earss is much reduced. Since forward masking depends upon the exposure level, the 

slowerr rate of recovery may simply reflect low SLs. Alternatively, differences can 

bee explained by assuming level-dependent compression on the basilar membrane 

(Plackk and Oxenham, 1997). As mentioned above, the input-output relation of 

thee basilar membrane is considered to be more linear for hearing-impaired listeners, 

whereass for normal hearing listeners at intermediate levels the input-output function 

iss considered to be much more compressive. Hence, for a constant level difference 

inn the input, the induced effect at the output is much larger for hearing-impaired 

subjectss than for normal hearing subjects (see also Fig. 4.2). For low sensation levels, 

thee input-output function of the basilar membrane for normal hearing subjects is less 

compressivee and more comparable to hearing-impaired listeners. Hence, the induced 

differencess in the output of the compressive non-linearity are more similar to each 

other.. In other words, differences in forward masking, may also reflect a difference 

inn the input-output function of the basilar membrane. 

Hearing-Impairmentt and SAM-perception 

Baconn and Gleitman (1992) showed that the sensitivity to SAM for hearing-impaired 

subjectss with relatively flat losses is higher when exposure occurred at equal, low, 

^neuronss are tuned to a certain characteristic frequency, which means that the response of this 
neuronn is largest when exposed to this frequency. However, exposing to other frequencies wil l also 
causee excitation in a neuron tuned to a distant frequency. 

++ Ï Unilateral hearing-impaired subjects : subjects with a one-sided hearing loss; one normal ear 
andd one hearing-impaired ear. 
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sensationn levels. However, the sensitivity to SAM using a broadband noise carrier, 

iss lower for hearing-impaired subjects with sloping losses than for normal hearing 

subjectss (Bacon and Viemeister, 1985). This may partly be attributed to the 

inaudibilityy of high frequencies for the hearing-impaired listener. Normal hearing 

subjects,, using band-limited noise, show a reduced sensitivity to SAM that was 

similarr to hearing-impaired subjects (Bacon and Viemeister. 1985). The TMTF 

ass a function of bandwidth shows no clear interaction between impairment and 

bandwidthh as long as stimuli are presented at at least 25-30 dB SL (Hall et al., 1998). 

Inn addition, the study by Formby and Muir (1988) indicates that the sensitivity to 

SAMM is higher for a high carrier frequency band than for low carrier frequency bands. 

Hearing-impairedd subjects are generally less sensitive to these higher frequencies 

thann normal hearing subjects, which may explain the reduced sensitivity to SAM*. 

Cochlearr impairment may affect modulation perception not only in terms of 

thee audibility of the signal, but also as a result of the lack of compression for 

hearing-impairedd subjects. This lack of compression may influence the intensity 

relationss within a signal by increasing the difference in loudness between the peaks 

andd valleys for hearing-impaired subjects with regard to normal hearing subjects. 

Figuree 4.2 shows the difference in loudness for a constant difference in intensity, 

as,, for instance, induced by a modulated carrier. This difference in loudness is 

clearlyy larger for hearing-impaired subjects than for normal hearing subjects and 

mayy result in a better performance. Expressed in terms of the RMS ,̂ unmodulated 

signalss are comparable in loudness to modulated signals (Moore et al., 1999). Other 

matchingg experiments with the modulation depth as the adjustment parameter using 

unilaterall  hearing-impaired subjects are described by Wojtczak (1996) and Moore 

ett al. (1996). In order to prevent loudness from acting as a cue, the unmodulated 

carrierss are equalized in loudness between both ears. A given modulation depth in 

thee impaired ear is matched with a larger modulation depth in the normal ear. For 

modulationn rates above 8 Hz, the differences in modulation depth for the normal ear 

**  Although the low-pass signals were effectively wider than the high-pass signals, signals were 
high-passs filtered by means of the filtering characteristics of the headphones. Since no actual high-
passs filtering took place, the inherent fluctuations of the high-pass signal may actually be weaker 
thann the presumed 2.5 kHz bandwidth. Given the importance of these inherent fluctuation to 
modulationn detection, the outcome should be interpreted with care. 

^RMS:: Root-Mean-Square, a quantity obtained by squaring the instantaneous value of the 
waveform,, taking the average of the squared value over time, and taking the square root of this 
average. . 
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andd the impaired ear declined as modulation depth decreased. Apparently, loudness 

recruitmentt affects the perception of dynamic aspects of sounds by enlarging the 

perceivedd modulations. It is likely that these effects are caused by the lack of fast 

compression,, which results in an increased growth of loudness. This increased growth 

off  loudness increases the differences in perceived loudness for the peaks and valleys, 

ass suggested in Figure 4.2. 

4.3.33 Impaired spectral resolution 

Cochlearr damage often results in a reduced frequency selectivity. Frequency 

selectivityy refers to the ability of a subject to distinguish between two signals 

accordingg to their spectral differences. 

^^ 1 1 1 1 1 r-^ 
4000 600 800 1000 1200 1400 1600 

frequencyy (Hz) 

Figuree 4.3: Auditory filter for a normal hearing subject (dashed line) and a hearing-
impairedimpaired subject (solid line) 

I tt is widely accepted that the basilar membrane can be considered as a bank 

off  overlapping filters (Fletcher, 1940). Thus any complex sound, such as speech, is 

subjectedd to filtering and is split into certain components within a certain frequency 

range.. These components are coded independently in the auditory nerve, provided 



4-4-4-4- Co-modulation Masking Release (CMR) 53 3 

thatt the spectral differences in these components are sufficiently large. Most methods 

forr estimating the auditory filter shapes at a specific frequency are based on masking. 

Figuree 4.3 shows two examples of auditory filter-shapes*. First consider the filter 

shapee for normal hearing subjects (dashed line). The data are obtained by a method 

describedd by Moore and Glasberg (1987), based on the audibility of a pure tone, 

placedd symmetrically or asymmetrically in the spectral notch of a masker. The 

abilityy to detect a target in the presence of these notched noises, is determined 

byy the energy of the masker falling within the auditory filter tuned to the signal 

frequency§.. An alternative method for describing the bandwidth of the auditory 

filterfilter  is given by the equivalent rectangular bandwidth (ERB). The ERB corresponds 

too the bandwidth of a rectangular filter that has the same peak transmission as the 

originall  auditory filter and has the same intensity transmission as the original filter 

forr a white noise. 

Auditoryy filters broaden as frequency increases. For hearing-impaired subjects 

andd for normal hearing subjects at higher exposure levels, filters become asymmetric. 

Auditoryy filters of hearing-impaired subjects are generally broader than the filters 

off  normal hearing subjects and, on average, broadening increases with hearing loss, 

mainlyy due to a more shallow low-frequency skirt (p/) (Glasberg et al., 1987; Leeuw 

andd Dreschler, 1994). These broader filters result in a reduced spectral selectivity. 

4.44 Co-modulation Masking Release (CMR) 

Accordingg to the power spectrum model for masking, the audibility of a signal 

presentedd in a background noise is determined by the signal-to-noise ratio at the 

outputt of the auditory filter centered at, or close to, the signal frequency. In some 

^Dataa adapted from Franck et al. (2004). with permission of the Author 
§Thee filter shape (see Fig 4.3) is determined by the roex formula: 

W(g)W(g) = (l-r)(+ Plg)e-p  ̂ + r if ƒ < fc 

== (1 - r)(+pug)e-P  ̂ + r if ƒ > fc (4.2) 

where:: g = 7 

inn which the attenuation (ordinate) W(g) is expressed as a function of the normalized frequency 
gg based on three parameters: slope of low-frequency flank (p/). the high-frequency flank {pu) and 
thee dynamic range of the filter r. Constants pi and pu determine the slopes of the filterskirts and. 
hence,, the overall bandwidth. When the two filters, given in Figure 4.3 by roexv//(38.1. 22.9. 
8.7*10~6)) and voex.fii(7.6. 5.2, 0.0083) are compared, it is obvious that higher p-values are found 
forr normal hearing subjects corresponding to steeper and thereby narrower filters. 

http://voex.fi
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cases,, the auditory system uses information provided outside the auditory filter in 

orderr to improve performance. In these cases, the power spectrum model of masking 

fails.. One of these cases is CMR. CMR refers to the increased sensitivity to a target, 

usuallyy a pure tone, due to information provided on the fluctuations of the envelope 

off  the masker, outside the filter tuned to the signal-frequency. This can occur in two 

wayss : 

1.. increasing the bandwidth of the masker beyond the critical bandwidth 

(Zwicker.. 1961: top Figure 4.4). 

2.. adding a second band of noise on a spectrally remote distance (off frequency 

band)) having the same temporal envelope as the masker masking the target, 

alsoo referred to as the on frequency band (bottom Figure 4.4) 

Figuree 4.4: Two methods leading to an increased sensitivity to a masked target 
(CMR).(CMR). Increasing the masker bandwidth (top) beyond the critical bandwidth (CB) 
leadsleads to a higher sensitivity to a target when the noise is modulated by the same 
modulationmodulation pattern (coherent) as the noise inside the CB (left hand side) and 
anan unaltered sensitivity when random noise is added, according to the concept of 
thethe critical band (right hand side). Adding a second band (bottom), increases the 
sensitivitysensitivity to a target when this band has the same envelope as the first band masking 
thethe target (left hand side). Adding an envelope with a different phase than the band 
maskingmasking the target does not change the sensitivity to a target. 
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4.4.11 C MR of the first kind: band widening 

Halll  et al. (1984) measured signal detection in the presence of bandlimited noise. 

Inn random noise, containing irregular fluctuations in amplitude independently 

distributedd over different frequency regions, signal detection thresholds increased 

ass the bandwidth increased up to the bandwidth of the critical band. Increasing 

thee bandwidth beyond the critical band, did not result in sensitivity to the target 

beingg further reduced, as predicted by the power spectrum model of masking and the 

conceptt of the critical bandwidth (Zwicker, 1961). In a fluctuating noise, modulated 

byy a low-pass filtered noise at 50 Hz and thereby comodulated across critical bands, 

thresholdss decreased when the noise bandwidth was increased beyond the critical 

bandwidth.. Besides the phenomenon, CMR has been adopted as the measure of 

thee benefit due to the coherence of the envelopes. The sensitivity to a signal 

presentedd in noise can be elevated by as much as 15 dB (Hall and Grose. 1988), 

mainlyy attributable to the across channel effects. Moore et al. (1993) mentioned 

thatt there was even a significant CMR effect for bandwidths smaller than the ERB 

off  the auditory filter. This implies that CMR is at least partly due to within channel 

cuess and is not purely a result of comparing different filter-outputs to each other. 

4.4.22 C MR of the second kind: mult iple bands 

Halll  et al. (1984) showed that a similar effect of CMR can be obtained by adding a 

secondd band of noise outside the critical band. The sensitivity to a target increased 

whenn this co-modulated off-frequency band was added. Increasing the number of 

co-modulatedd noise-bands increased the CMR effect up to 16 dB (Hall et al., 1990). 

Addingg noise bands below the signal frequency resulted in a similar CMR as adding 

bandss above the signal frequency. Noise bands closer to the target band resulted 

inn more CMR than those at a larger spectral distance (Hall et al.. 1990). The 

precisee origin of this proximity effect is not entirely clear and may also reflect the 

contributionn of within channel processing. 

Thee magnitude of CMR for amplitude modulated noise is largest when the 

maskerr and off frequency bands are presented in phase (0°) and CMR may even 

bee reduced to 0 dB when the off-frequency bands are modulated 180° out of phase 

(Fantini,, 1991). Amplitude modulated noise bands showed a CMR-effect of 2 dB 
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whenn presented 180° out of phase, whereas the in-phase condition resulted in a CMR 

effectt of 20 dB (Eddins and Wright, 1994). Hall et al. (1990) showed that the CMR-

effectt wras reduced by adding noise bands, which were modulated out of phase with 

thee on-frequency band. 

Dichoticc CMR has also been reported. Since CMR is similar for monaural 

andd dichotic presentation, peripheral interactions are apparently not critical to 

CMRR (Moore and Emmerich. 1990: van de Par and Kohlrausch. 1998). Just as 

forr monaural CMR, dichotic CMR increases as more bands are added. Additionally, 

moree CMR has been reported as maskers are closer to the target frequency (Hall 

ett al., 1990). 

4.4.33 CMR for hearing-impaired subjects 

Halll  and Grose (1988, 1989) measured CMR by broadening the bandwidth of the 

maskerr for normal hearing and hearing-impaired subjects. Both groups show a 

substantiall  CMR effect. Some hearing-impaired subjects show normal or near-

normall  results. However, most hearing-impaired subjects experience reduced CMR 

withh regard to normal hearing subjects. It is most likely, that this is due to the 

broaderr filters for hearing-impaired subjects or to the low sensation level. Subjects 

withh very broad filters show little, if any. CMR (Moore et al., 1993: Grose and 

Hall,, 1996). CMR is largest for experiments carried out at the higher end of the 

rangee of comfortable levels (Hall and Grose, 1994). When experiments are carried 

outt at equal SLs, CMR is comparable for normal hearing and hearing-impaired 

subjects.. Furthermore, hearing-impaired subjects show a significantly reduced CMR 

comparedd to normal hearing subjects when bands with a different fluctuation pattern 

ass the on-frequency band are added. This may reflect that hearing-impaired subjects 

experiencee increased difficulties in separating different sources based on common 

modulation. . 
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4.55 Modulation detection or discrimination inter-

ferencee (MDI ) 

Thee sensitivity to SAM of a target may be reduced due to the presence of other 

modulatedd signals that are presented simultaneously. This may occur for broadband 

signals,, with masker and target having partially overlapping spectra but also for 

twoo clearly distinctive carriers. In the first case, the reduction in sensitivity to 

SAMM is referred to as modulation masking (Houtgast, 1989; Bacon and Grantham, 

1989).. In the second case, it is referred to as modulation detection interference or 

modulationn discrimination interference, both abbreviated as MDI (Yost and Sheft, 

1989).. Typically, MDI is measured using three different conditions: 

1.. Probe Alone (PA); the sensitivity to SAM of a carrier. 

2.. UNModulated maskers (UNM); the sensitivity to SAM of a carrier in the 

presencee of an unmodulated carrier. 

3.. MODulated maskers (MOD); the sensitivity to SAM of a carrier in the presence 

off  a modulated carrier. 

MDII  is also used as the measure of the reduction in sensitivity to SAM, in dB, as a 

resultt of added modulated maskers, using the formula: 

MDIMDI = 201og10(mmod) - 201og10(munm) (4.3) 

inn which m reflects the modulation detection threshold in the task given by the 

subscript.. MDI can grow as large as 20 dB (Yost and Sheft, 1989) and depends on 

factorss such as the spectral location of masker and target. It has been suggested 

thatt MDI occurs because target and masker modulations are processed together in a 

modulationn filter bank, where each filter is tuned to a different modulation rate (Yost 

andd Sheft, 1989; Yost et al., 1989). Most studies however suggest that MDI results, 

att least partly, from perceptual grouping (Yost and Sheft, 1989; Yost et a l, 1989; 

Halll  and Grose, 1991; Moore and Shailer, 1992) ,̂ target and masker modulation are 

fusedd into a single percept, reducing the ability to detect the target modulation. 

^perceptuall  grouping refers to the process by which different components are grouped into one 
auditoryy object(see also 4.5.2) 
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4.5.11 Within channel or across channel processing 

Thee effect of a 4 kHz masker on a 1 kHz target (Yost and Sheft. 1989). 

clearlyy indicates that MDI can be considered as a central process (across-channel 

processing).. However. Moore and Shailer (1992) exposed some effects indicating 

thatt MDI is also due to a more peripheral process'1 (within channel processing). For 

example,, the sensitivity to SAM decreases with frequency separation for the carriers 

inn the MOD and UNM task. This indicates that the presence of the energy from 

thee masker may have reduced the sensitivity to SAM of the target, as a result of the 

spreadd of excitation. Adding a background noise to mask possible within-channel 

cues,, removed the proximity effect. 

Inn addition, the reduction in sensitivity to SAM is larger when the masker carrier 

iss higher in frequency than the carrier of the target, which indicates that modulat ion 

detect ionn mainly occurs on the high-frequency flank of the excitation pat tern (Bacon. 

1999).. The nonlinear growth of excitation may enhance the changes evoked by SAM 

onn the high-frequency side (Glasberg and Moore. 1990; Moore and Shailer. 1994). 

Otherr studies (Bacon and Moore. 1993: Yost and Sheft. 1994) indicated that MDI 

iss almost unaffected by the frequency separation of the target and masker. MDI 

iss similar in size for a masker carrier that is higher or lower in frequency than the 

target.. Adding two maskers results in an increased MDI . however adding additional 

maskerss barely affects the sensitivity to SAM (Bacon and Moore. 1993). Dichotic 

MD II  indicates that MDI is both an across channel effect and an effect that may 

occurr across ears (Yost and Sheft. 1990: Bacon and Opie. 1994: Mendoza et al.. 

1995b). . 

4.5.22 MDI and perceptual grouping 

Perceptuall  grouping has been mentioned as one of the effects contributing to MDI 

{e.g.{e.g. Yost and Sheft. 1989: Yost et al.. 1989: Hall and Grose. 1991: Moore and 

Shailer.. 1992). Perceptual grouping refers to the process whereby different sound 

elementss are assigned to a single auditory object. The concept is well known from the 

II  MDI is often subdivided into two components: carrier specific MDI and modulation specific 
MDI .. Carrier specific MDI may occur due to the difficulties in hearing out the target frequency. 
Modulationn specific MDI may occur due to the difficulties in distinguishing the modulation of the 
targett from the modulation of the maskers. 
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visuall  system**, of which an example is given in Figure 4.5. The effect of perceptual 

groupingg was introduced in auditory research by Bregman (1994). 

Figuree 4.5: An example of perceptual 
grouping:grouping: the four incomplete circles 
togethertogether form a white square without 
thethe actual contours of the square. In 
otherother words, the missing parts of the 
fourfour circles are grouped into a square. 

Thee most important cues that may lead to perceptual grouping are: 

1.. common onsets: this cue can be attributed to the fact that most physical 

systems,, when excited, produce complex sounds whose components have the 

samee event timing. Although less prominent, the offset cue is also considered 

ass a cue. 

Thee effect of MDI is largest for synchronous presentation and is greatly reduced 

whenn the masker was gated on before (and gated off after) the target (Hall 

andd Grose, 1991). The reduction in MDI due to asynchronous gating has been 

confirmedd in many studies, although all have found some residual MDI, even 

whenn the masker is presented continuously (Moore and Shailer, 1992; Mendoza 

ett al., 1995a,b). In addition, maximum MDI does not always occur for similar 

gatingg windows (Shailer and Moore, 1993). 

2.. common frequency or amplitude modulation**: common frequency or 

amplitudee modulation of individual components is a powerful cue stimulating 

perceptuall  grouping**. 

MDII  (Moore et a l, 1991; Bacon and Konrad, 1993) and modulation masking 

(Houtgast,, 1989) show a clear effect of tuning for modulation frequencies, 

withh most masking occurring for identical modulation rates and a reduced 

maskingg effect for increasing differences in modulation frequency for target 

***  introduced by Wertheimer in 1912 and referred to as gestalt "put together [German]" school 
ttalsoo referred to as common fate. 
t t l nn snnip rases, common onsets is regarded as a special case of common amplitude modulation 

(aa single modulation period). However, within this thesis both cues are considered as separate cues. 
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andd masker. Grantham and Bacon (1991) reported a similar tuning effect for 

dichoticc measurements. Analogous to the carrier frequency domain, a critical 

bandwidthh concept has been described, indicating that the sensitivity to SAM 

reducess as long as the bandwidth of the masker modulation is increased. For 

modulationn bandwidths broader than approximately 0.5 octave, the sensitivity 

too SAM remains constant (Houtgast. 1989). 

Thesee results are supported by Bregman et al. (1985. 1990). They 

demonstratedd that two components that are modulated coherently, are more 

likelyy to be heard as one sound than when two components are modulated at 

differentt rates. However, grouping as a function of modulation rate was clearly 

reducedd for small changes in modulation rate, whereas MDI is only influenced 

byy large differences in modulation rate for target and masker. In other words, 

perceptuall  grouping is much more sharply tuned in the modulation frequency 

domainn than is shown by MDI and modulation masking experiments. 

3.. harmonic relationship: components that are harmonically related to a 

commonn fundamental frequency tend to fuse together. In addition, harmonic 

pairss of complexes that are closer in frequency are more likely to be fused. 

Theree was littl e systematic effect of the number of maskers and of the harmonic 

relationss for the carriers of these maskers, for masking produced by modulated 

andd unmodulated maskers on the sensitivity to SAM (Bacon and Moore. 1993; 

Mooree and Shatter, 1994). 

4.. rhythm: a rapid sequence of tones may be perceived in two ways. As a single 

perceptuall  stream or as if signals were coining from two or more sources. The 

rhythmm of alternation between two signals will determine wether grouping or 

segregationn occurs. 

MDII  is barely affected by phase relations of the modulators of the target and 

thee masker (Yost and Sheft. 1989: Bacon and Konrad. 1993). The lack of 

phasee effect is difficult to reconcile with an explanation in terms of perceptual 

grouping.. Carriers, that are amplitude modulated or frequency modulated 

inn phase, tend to be perceived as more strongly fused than carriers that are 

modulatedd with different phases (Bregman et al.. 1985; Moore and Emmerich, 

1990).. Thus, if perceptual grouping is responsible for MDI, more masking is to 
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bee expected when the modulation of the masker is in phase with the modulation 

off  the target relative to a masker that is out of phase (Moore et al.. 1991). As 

aa special case, the masking effect of a random amplitude modulated envelope 

(RAM)**  on a sinusoidal amplitude modulation is determined. MDI caused by 

RAMM maskers on a SAM target is comparable to MDI for SAM maskers on a 

SAMM target (Mendoza et al., 1995a). 

5.. higher level cues: several cues, which promote perceptual grouping, such 

ass spatial cues and cues based on timing communalities, have already been 

discussed. . 

Precedingg the MDI task by a 'cue' tone, to identify the carrier of the target, had 

littl ee influence on MDI (Moore and Shailer, 1992). Introducing 'cue' tones, to 

providee a cue about the leading target, reduced MDI. In addition, introducing 

modulatedd maskers as 'cue' tones indicated no residual MDI (Oxenham and 

Dau,, 2001). Apparently, MDI occurs based on the inability to separate the 

targett modulation from the masker modulation due to a grouping of both 

carriers. . 

Basedd on these findings, perceptual grouping may be assumed to be an 

importantt prerequisite for MDI. However, it would be expected that some aspects 

wouldd be stronger in perceptual grouping than have been reported for MDI. 

Exampless are tuning of amplitude modulation frequencies in the MDI task and 

thee lack of phase-dependency of the envelopes for MDI . 

4.5.33 MDI and hearing-impairment 

Littl ee research has focussed on differences between normal hearing and hearing-

impairedd subjects in MDI. The performance of listeners with cochlear hearing loss 

onn MDI tasks appears to depend upon the spectral configuration of the hearing 

loss.. Grose and Hall (1994) reported a similar MDI for normal hearing listeners 

andd listeners with relatively fiat hearing losses. Bacon and Opie (2002) observed 

ann increased MDI for hearing-impaired listeners with sloping pure tone audiograms, 

withh largest losses for high frequencies, when the target carrier is presented in the 

regionn of hearing loss relative to normal hearing subjects. Hence, the difference in 

**  using a small band noise as a modulator instead of a pure sinusoid for SAM 
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MDII  may also reflect the effect of sensation level*. Bacon and Opie (2002) indicated 

thatt differences between the normal ear and impaired ear are generally small for 

unilaterall  hearing-impaired subjects. Measuring masking patterns in the modulation 

domainn using modulation masking indicates that modulation filters appeared to be 

widerr for hearing-impaired subjects than for normal hearing subjects (Lorenzi et al.. 

1997). . 

4.66 MDI and CMR 

Althoughh CMR and MDI are quite different from each other, both effects come 

forwardd in the presence of modulated envelopes. CMR relies on the detection of 

aa signal in a modulated background, by popping out due to coherence in maskers 

acrosss frequency. MDI relies on the inability to hear out the target modulation in 

thee presence of modulated maskers. This section focusses on how CMR and MDI 

mayy be related. 

Thee most obvious coherence in the envelope is obtained by SAM-signals. CMR 

increasess as the modulation depth of the off-frequency band increases (Fantini, 1991). 

Ass the modulation depth of the off-frequency band decreases with regard to the 

modulationn depth of the envelope of the on-frequency band. CMR reduces and is 

determinedd by the coherence in the noise. There is a consistent decrease in CMR 

ass modulation rate increases (Peters and Hall. 1994: Eddins and Wright. 1994). 

CMRR using multiple modulation rates for the maskers depends upon the temporal 

informationn at both fluctuation rates; coherence at both rates leads to greater 

maskingg release than coherence at either modulation rate (Eddins and Wright. 1994). 

Forr MDI . the reduction in sensitivity to SAM depends on the difference 

inn modulation frequency for target and masker, with most masking occurring 

att identical modulation rates. The amount of MDI decreased as the common 

modulationn frequency of the masker and signal increased (Yost and Sheft, 1989; 

Baconn and Konrad, 1993). In contrast, Bacon and Grantham (1989) reported a 

constantt amount of modulation masking for common signal and masker frequencies 

tt Bacon and Konrad (1993) measured MDI for masker and target levels ranging, independently, 
fromm 40 to 80 dB SPL. When masker and target were equal in level, the amount of MDI increased 
somewhatt with increasing level. When masker and target differed in level, the largest effects were 
reportedd when the target was close in frequency to the masker and the masker was more intense 
thann the target. 



4.6.4.6. MDI and CMR 63 3 

off  4. 16, 64 Hz. The amount of MDI increases as the masker modulation depth 

increasess (Yost and Sheft. 1989: Bacon and Konrad. 1993). 

4.6.11 Are MDI and CMR related ? 

Thee previous section discussed the properties of CMR and MDI independently. 

However,, they are also related in at least two aspects: 

1.. Within or across channel processing: Both phenomena show a larger 

effect**  for a smaller carrier frequency separation, which implies a within 

channell  effect. Both effects are also knowrn to occur dichotically, which 

impliess an across-channel effect. For these dichotic measurements, some 

reportss mention a similar proximity effect as for the monaural measurements. 

Thiss implies that both effects are mostly across channel effects, with a small 

contributionn of peripheral interaction. 

2.. Perceptual grouping; CMR decreases as the difference in phase between the 

off-frequencyy and on-frequency band increases, whereas MDI remains constant. 

Thiss difference in handling the phase suggests that MDI and CMR underlie 

differentt processes (Richards et al., 1997). In addition, CMR is very sensitive 

too a difference in the modulation rate of the envelope of the masker masking 

thee target and the envelope of the off-frequency band. MDI is insensitive 

too differences in modulator phase and shows broad tuning for modulation 

frequencies.. This is in contrast with perceptual grouping experiments. In 

contrast,, adding cue tones reduces MDI. This indicates that MDI is at least 

too some extent attributable to difficulties in hearing out the pitch. 

Bothh phenomena are subjected to across channel processing and perceptual grouping 

mechanisms.. Since CMR results from "popping out" and MDI results from fusion into 

onee percept, it is likely that both phenomena are related. Originally, the differences 

inn MDI and CMR were seen as quite large. However, the CMR and MDI concepts 

havee been extended to other measures of temporal processing such as gap detection. 

InIn these cases, the addition of a modulated masker may lead to CMR or MDI. Adding 

aa modulated masker will cause CMR when the threshold is high in the reference 

^Notcc that a larger effect indicates more masking release for CMR and a reduced sensitivity to 
SAMM for MDI . 
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conditionn (only on-frequency band), when the signal produces a clear difference in 

thee envelope, and when the signal and masker are gated asynchronously. When none 

off  these conditions are fulfilled. MDI is more likely to occur Moore (1992). 

4.77 Modelling temporal processing 

Often,, three different models are considered when describing temporal processing. 

Thesee are the leaky integrator (Viemeister. 1979). the sliding temporal window 

(Mooree et al., 1988). and the modulation filter bank (Dan et al.. 1997b). The 

modulationn filter bank differs from the other two models, since it includes a bank 

off  overlapping bandpass filters acting on the envelope, whereas the leaky integrator 

andd the sliding temporal window use a low-pass filter. 

4.7.11 Leaky integrator 

Thee leaky integrator, as described by Viemeister (1979). was primarily developed in 

orderr to describe the sensitivity to SAM for broadband carriers as a function of the 

modulationn rate. This model consists of four successive stages: (1) 2000 Hz wide 

pre-detectionn filter, ranging between 4000 and 6000 Hz (first order Butterworth): (2) 

aa half-wave rectifier; (3) low-pass filter (first order Butterworth) with a 3-dB cut-off 

frequencyy at 64 Hz; (4) a decision device generating a statistical representation of the 

incomingg wave. The input of the decision device can be seen as the envelope of the 

originall  waveform. The decision device is often the parameter that distinguishes 

betweenn studies. Strickland and Viemeister (1996) distinguished five different 

statisticall  representations of the fluctuating behavior of the signal: 

1.. The second central moment is given by the standard deviation of the output 

off  the low-pass filter (Viemeister, 1979) 

s t d e v - A / ^ - ^22 (4.4) 

inn which xt is the smoothed envelope given by the leaky integrator. 

2.. The coefficient of kurtosis corresponding to the fourth central moment, given 

by: : 

kurtosiss = ^ J . (4.5) 
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Thiss describes the extent of the peak in a distribution (Hartmann and Pumplin, 

1988).. Values closer to 0 indicate a flatter, more uniform distribution. 

3.. The crest factor defined as the ratio between the maximum envelope and the 

RMS-powerr (Hartmann and Pumplin, 1988) 

max(xt)max(xt) ,, „, 
c r e s tt = p ^ c > \ 4"6 

RMbyxt) RMbyxt) 

4.. The ratio between the maximum and the minimum amplitude of the envelope 

(Forrestt and Green, 1987) 

max(xt)max(xt) , 
maxminn = -;—r- (4.7) 

min(xt) min(xt) 

5.. The average magnitude of the slope of the envelope (Richards, 1992) 

slopee = \xt — xt-i\ (4.8) 

Inn the last couple of decades, the leaky integrator has proven to be a powerful 

tooll  in predicting psycho-acoustical performance in a range of experiments. Besides 

modelss for the TMTF for broadband noises, based on the standard deviation and 

max/minn as decision device, the detection of a tone in narrow-band noise has been 

successfullyy modelled using the other three decision devices. Modulation masking 

experimentss have also been modelled with reasonable success using the Crest factor 

ass the decision device (Strickland and Viemeister, 1996). Trends such as the tuning 

forr modulation rates, an increased masking with masker modulation depth, a change 

inn threshold as a function of the signal phase relative to the masker phase, are 

bestt predicted using the max/min decision device. The Crest factor predicted 

somee aspects of tuning better than the max/min device and also showed that the 

thresholdss depended on the modulation depth of the masker was predicted. Berg 

(1996)) showed that the leaky-integrator, using a single band as pre-detection filter, 

iss useful for accounting for simplistic cases of CMR. 

4.7.22 Sliding temporal window 

Thee sensitivity to a signal is determined as a function of the duration between a 

precedingg and following masker using a temporal notch instead of a spectral notch. 
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Thiss is comparable to the determination of the auditory filter shape (see footnote 

sectionn 4.3.3). Using an equation similar to Equation 4.2 determines the weighting 

off  the window as a function of the gap. By sliding this window along the signal, 

thee input becomes smoothed (Moore et al.. 1988: Plack et al.. 2002) .̂ In short, 

thee model consists of four successive stages: (1) a dual-resonance nonlinear (DRNL) 

filter ,, which is a filter consisting of a linear and a non-linear pathway, filters the 

inputt into spectral bands (Meddis et a l. 2001): (2) a non-llinearity: (3) a sliding 

temporall  window with an equivalent rectangular durat ion̂  of 10 ins: and (4) the 

decisionn device. The output of the model is generally based on the ratio of the 

signall  plus masker and the masker alone. However, statistical devices, as mentioned 

inn the previous section, may be more appropr iate for experiments on the sensitivity 

too SAM. 

Thee results of numerous psycho-acoustical experiments have been predicted 

correctlyy using the temporal sliding window. Evidently, data on forward masking 

andd backward masking can be predicted accurately. Differences between increment 

andd decrement detection are successfully modulated using a decision criterion based 

onn the maximum slope of the temporal window output (Oxenham. 1997). The 

T M T FF for low modulat ion rates can also be predicted correctly (Moore et al.. 

1989).. However, subjects appeared to be less sensitive to high modulation rates 

thann predicted by the model output. This can mainly be at t r ibuted to the relatively 

loww cut-off frequency obtained by applying the temporal window, which can not 

adequatelyy describe temporal processing for these high modulation rates. 

4.7.33 Modulation filter bank 

Dauu et al. (1997b) introduced a model, referred to as the modulation filter 

bank,, describing the temporal processing of sound. The model consists of four 

computat ionall  stages: (1) a filterbank. resembling the filtering occurring at the 

stagee of the basilar membrane: (2) a half-wave rectifier followed by low-pass filtering 

att 1 kHz. The effects of adaptation, forward and backward masking, are simulated 

usingg five feedback loops with time constants ranging from 5 to 500 ins. Stationary 

§AA Matlab version of the sliding temporal window can be found on Dr. Plack's homepage: 
http://privatewww.essex.ac.uk/~cplack/teniporal_window.html. . 

" AA detailed description of the temporal window shape is given by Plack and Oxenham (1998) 
andd Oxenham and Plack (2000) 

http://privatewww.essex.ac.uk/~cplack/teniporal_window.html
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inputt is transmitted logarithmically, whereas fast fluctuations are transmitted more 

linearly:: (3) a modulation filterbank in which the resolution is limited by the addition 

off  internal noise; (4) an optimal device to compare intervals to each other within 

thee auditory task. 

Resultss from numerous psycho-acoustical experiments have been correctly 

predicted,, such as the TMTF, the TMTF as a function of the carrier bandwidth, and 

temporall  integration. But also the modulation masking experiments as a function 

off  modulation rate (tuning), masker modulation depth, and the critical bandwidth-

conceptt for modulation rates as carried out by Houtgast (1989) were predicted 

correctly.. Verhey et al. (1999) showed that a single channel analysis, based on one 

filterfilter  output, quantitatively describes most of the CMR-results for band widening 

paradigmss (see section 4.4.1, CMR of the first kind), demonstrating that within-

channell  cues are strongly involved in this class of experiments. 

4.88 Adaptation 

Adaptationn is the reduced sensitivity to a target due to pre-exposure to another 

signal.. Some studies suggest that non-simultaneous masking can partly be attributed 

too adaptation (Duifhuis, 1973). However, adaptation is also known to occur for 

muchh longer durations, of which the temporary threshold shift (TTS) due to pre-

exposuree to loud signals is a well known example. From a physiological point of 

view,, adaptation is reflected by the reduced discharge rate of the neurons lasting for 

periodss up to 45 seconds (Javel, 1996). This adaptation is known to affect temporal 

integrationn (Zwislocki, 1960). 

4.8.11 Adaptation to modulated signals 

Psychophysicall evidence 

Psychophysicall  experiments show that pre-exposure to frequency modulated (FM) 

stimulii  elevates thresholds for FM detection, but not for AM detection. Pre-exposure 

too AM signals elevates thresholds for AM detection but not for FM detection (Kay 

andd Matthews, 1972: Tansley and Regan. 1979: Tansley and Suffield. 1983). These 

resultss suggest that modulation specific channels exist for FM and AM. This view 
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iss extended by suggesting that there are channels, specifically for upward and for 

downwardd sweeps in FM. since thresholds to an increment in FM are barely affected 

byy downward sweeps in FM but are affected by upward sweeps in FM (Tansley and 

Regan.. 1979; Gardner and Wilson. 1979). In addition, the threshold for the detection 

off  an increment in intensity is affected by exposure to a tone of increasing intensity. 

AA corresponding selective elevation occurs after adapting to a test tone of decreasing 

intensityy (Tansley and Regan. 1979). Maximum adaptation occurs at modulation 

ratess of about 16 Hz for AM and FM (Tansley and Suffield, 1983). The adaptation 

trajectoryy can be subdivided into two parts. The sensitivity to modulated signals 

dropss almost immediately after exposure to modulated signals and remains constant 

afterr sufficient exposure (variable 8-30 minutes), indicating saturation. Following 

100 minutes of adaptation, the threshold elevation recovered logarithmically within 

approximatelyy 55 s to normal threshold values (Tansley and Regan, 1979). Bacon 

andd Grantham (1992) measured modulation masking preceded and followed by a 

fringe,, which contained the same contents as the masker. The differences for fringes 

thatt precede and follow the target, suggest that adaptation to SAM may occur at 

leastt partly for shorter durations of pre-exposure. 

Physiologicall evidence 

Physiologicall  measurements show that the TMTF (Viemeister, 1979) can be 

determinedd for different locations on the auditory pathway. At higher levels of 

thee auditory pathway. AM signals are presumably recoded in terms of synchronous 

neuromagneticc responses in the auditory cortex (Makelö et al., 1987; Kuwada et al., 

2002).. The cortex showrs optimal activation for low modulation frequencies (<10 

Hz),, which drops for higher modulation rates, roughly comparable to the TMTF as 

demonstratedd by Viemeister (1979). At lower levels of the auditory pathway, the 

amountt of neural activity for modulated and unmodulated signals is similar, the 

actuall  AM is recoded in terms of the synchrony of neural activity (Moller, 1974: 

Schreinerr and Urbas, 1986: Müller-Preuss et al., 1994). MTFs roughly show a low-

passs function with a cut-off frequency that depends on the carrier frequency and 

neuronn (Joris and Yin. 1992: Greenwood and Joris, 1996; Rees et al., 1986) or react 

bandpass-likee tuned to the best modulation frequency close to 8-16 Hz (Müller-

Preusss et al., 1994; Kuwrada et al. 2002). In general, neurons do not respond solely 
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too AM or FM. Roughly 309c respond exclusively to FM and 50% respond to both 

stimulii  types (Rees and Moller. 1983; Eggermont, 2002). 

Finally,, neurons adapt to AM. Physiological experiments show that an AM-

stimuluss influenced the response to a second AM-stimulus. The same is found 

whenn both stimuli were FM-stimuli (Coombs and Fay, 1985; Makela et al., 1987: 

Eggermont,, 2002). However, when the type of stimulus differs, a preceding FM 

affectss the response to AM more than a preceding AM influences the response to 

FM.. Onset units (17 % of all neurons tested) which only fire at the beginning of 

eachh cycle have been reported that show a high degree of adaptation (Neuert et al., 

2001;; Eggermont, 2002). 




