
 

Modelling the influence of masker bandwidth on BMLDs

Citation for published version (APA):
Breebaart, D. J. (1996). Modelling the influence of masker bandwidth on BMLDs. (IPO-Rapport; Vol. 1109).
Instituut voor Perceptie Onderzoek (IPO).

Document status and date:
Published: 24/05/1996

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/11f8c28c-4c1e-4e2b-be04-9831e3ab3f59


lnstitute tor Perception Research 
PO Box 513 - 5600 MB Eindhoven 

Rapport no. 1109 

Modelling the influence of 
masker bandwidth on BMLDs 

Jeroen Breebaart 

24.05.1996 



Modelling the influence of 
masker bandwidth on BMLDs 

Coaches: 
Ir. S. van de Par 
Dr. A. Kohlrausch 

Institute for Perception Research 
Hearing and Speech group 

Report on a period of practical training 

by Jeroen Breebaart 

May 1996 



MODELLING THE INFLUENCE OF MASKER BANDWIDTH ON BMLDS 

Abstract 

We studied the dependence on masker bandwidth of detection thresholds for noise maskers with an interaural phase or 
interaural time shift. In the framework of the equalization-cancellation theory, a phase shift of a masker noise results in 
a reduction of correlation (decorrelation) between the signals that are present after the equaliz.ation, because the 
equaliz.ation is assumed to cornpensate the phase shift with an intemal delay. However, a masker with an interaural 
time delay would not result in a reduction of the correlation, and therefore, the cancellation step is more succesfull for 
the time-shifted than for the phase shifted maskers. Therefore higher thresholds are expected for interaurally phase
shifted masker noises than for interaurally time-shifted maskers. 

Binaural masked thresholds were measured as a function of masker bandwidth to study the influence of interaural time 
delay and phase shift on binaural unmasking for five different interaural time or phase relations (Nc,S0, NoS11:, N~o. 
N-rS0 and (NoS11:)t) for test signa) frequencies from 125 to 1000 Hz, and for masker bandwidths from 10 to 100 Hz. 
Three observers participated in this study. 

In contrast to the predictions of the EC-theory, no differences in detection thresholds were observed between phase
shifted and time-shifted maskers. Because a model which is based on a single intemal time delay (in the equaliz.ation 
process) cannot account for these observations, a model is introducee!, that is based upon evaluation of changes in the 
correlation pattem from a masker noise by adding a target signal. 

In order to evaluate the cross-correlation approach, a model of the peripheral auditory system, a cross-correlator and a 
decision device for binaural detection are introducee!. The experimental results from the subjects are compared to the 
simulated results from the model; these results were very similar. Thus, the cross-correlation approach is able to predict 
binaural thresholds for a certain set of stimuli and gives some insight in the influence of masker bandwidth on 
correlation detection. 
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MODELLING THE INFLUENCE OF MASKER BANDWIDTH ON BMLDS 

lntroduction 

Before we can begin to specify relationships between the characteristics 
of the sounds which enter the ear and the sensations they produce, we 
must laww something about the physical nature of sounds, and about the 
basic anatomy and physio/ogy of the auditory system 

T he auditory system is often conceived of as being composed of a series of successive 
stages. The peripheral auditory system is composed of the outer, middle and inner 
ear. The outer ear is composed of the pinna, and the auditory canal. The middle ear 
acts as an impedance-matching transforrner, to improve the efficiency of the transfer 

of energy between the air and the fluid-filled cochlea. In the inner ear, a membrane called the 
basilar membrane acts as a crude Fourier analyzer, or filter bank. splitting complex sounds 
into their component frequencies. A great many of the phenomena of auditory perception can 
be understood by considering the peripheral auditory system as containing a bank of 
bandpass filters (Moore, 1989). 

1. Basic structure of the auditory system 
1.1 The outer and middle ear 
The peripheral part of the auditory system of most mammals is rather sirnilar. Figure 
shows the structure of the peripheral part of the human auditory system. The outer ear is 
composed of the pinna, and the auditory canal. Sound travels down the meatus and causes 
the eardrum, or tympanie membrane, to vibrate. These vibrations are transmitted through the 
middle ear by three small bones, the ossicles, to a membrane-covered opening in the bony 
wall of the spiral-shaped structure of the inner ear - the cochlea. This opening is called the 
oval window. 

• 
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The major function of the middle ear is to ensure the efficient transfer of sound from the air 
to the fluids of the cochlea. The middle ear acts as an impedance-matching device or 
transformer that improves sound transmission and reduces the amount of reflected sound. 

Figure 1. Illustration of the SIIUcture of the peripheral auditory system showing the outer, middle and 
innerear. 

The ossicles have minute muscles attached to them which contract when we are exposed to 
intense sounds. This reflex reduces the transmission of sound through the middle ear, but 
only at low frequencies . 

1.2 The inner ear and the basilar membrane 
The cochlea is filled with almost incompressible fluids. It is divided along its length by two 
membranes, Reissner' s membrane and the basilar membrane. When the oval window is set in 
motion by an incoming sound, a pressure difference occurs across the basilar membrane. The 
response of the basilar membrane to sinusoidal stimulation takes the form of a traveling wave 
which moves along the basilar membrane from base towards the apex. High-frequency 
sounds produce a maximum displacement of the basilar membrane near the oval window. 
Low-frequency sounds produce a pattem of vibration which extends all the way along the 
basilar membrane, and reaches a maximum close to the end of the membrane. Thus the 
sounds of different frequencies produce maximum displacement at different places along the 
basilar membrane. Therefore, the membrane acts as a kind of spectrum analyzer, but with a 
limited resolving power. The position of the basilar membrane which is excited most by a 
given frequency varies approximately linearly with the logarithm of the frequency, for 
frequencies above 500 Hz. 

Between the basilar membrane and the tectorial membrane are hair cells, which form part of 
a structure called the organ of Corti. The hair cells are divided into two groups by an arch 
known as the tunnel of Corti. When the basilar membrane moves up and down, a shearing 
motion is created between the basilar membrane and the tectorial membrane. This shearing 
motion leads to the displacement of the hair cells which, in turn leads to the generation of 
action potentials in the neurons of the auditory nerve. 
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1.3 The auclitory nerve 
Three genera) results have emerged from studies of activity in the auditory nerve fibres 
(Kiang, 1975). 

1. The fibres show background or spontaneous firing in the absence of sound stimulation. 
High spontaneous rates tend to be associated with low thresholds and vice versa. 

2. The fibres show frequency selectivity. 

3. The fibres show phase locking; neural firings tend to occur at a particular phase of the 
stimulating waveform. 

1.4 Higher levels in the auditory system 
For the auditory system it is known that neurons respond preferentially to certain features of 
the stimulus. It is not quite clear what the crucial features of the stimulus are which will 
produce responses from a given neuron or set of neurons. Many of the neural pathways 
within and between the various nuclei in the auditory system have yet to be investigated in 
detail . It is likely that the cortex is concemed with analyzing more complex aspects of stimuli 
than simple frequency or intensity. Some neurons in the auditory cortex appear to respond 
only to complex stimuli, or stimuli with time varying characteristics. 

2. Perception 
In the previous section, the auditory system was discussed in physiological terms; in this 
section some perceptive concepts are discussed. 

2.1 Absolute thresholds 
The absolute threshold of a sound is the minimum level for which that sound is detectable in 
the absence of any other extemal sounds. The genera) shape of the audibility curve relating 
threshold to frequency is well established. We are most sensitive to frequencies in the range 
1000-5000 Hz, while absolute thresholds increase towards very high and very low 
frequencies. At least part of our sensitivity to middle frequencies results from_ the action of 
the pinna and the auditory canal. The outer ear enhances the sound pressure at the eardrum 
for frequencies in the range 1-9 kHz. Another factor which contributes to the shape of the 
audibility curve is the transmission characteristic of the middle ear. Transmission is most 
efficient for midrange frequencies. 

In audiology, thresholds are usually specified relative to the average threshold at each 
frequency for young, healthy listeners with 'norrnal' hearing. Thresholds specified in this way 
have units dB HL. 

2.2 Equal louclneu contours 

The loudness level is defined as the intensity that a 1000-Hz tone must have in order to sound 
equally )oud as a test sound. The 1000-Hz sound and the test sound are presented altemately 
rather than simultaneously. The equal loudness is expressed in 'phons'. If this is repeated for 
various different frequencies of a sinusoidal test sound, an equal-loudness contour is 

• 
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generated. At low levels, the equal-loudness contours have a similar shape as the threshold 
curve, but tend to become flatter at high loudness levels. 

3. Critical band, masking and frequency 
selectivity 
3.1 The critical band concept 
Fletcher (1940) suggested that the peripheral auditory system behaves as if it contained a 
bank of bandpass filters, with continuously overlapping center frequencies. When trying to 
detect a signal in a noise background, the listener is assumed to make use of a filter with a 
center frequency close to that of the signal. This filter will pass the signal but rernoves a great 
deal of the noise. Only the cornponents of the noise which pass through the filter will have 
any effect in masking the signal. It is usually assumed that the threshold for the signa! is 
deterrnined by the arnount of noise passing through the auditory filter centered around the 
signal. The critical band is revealed in experiments on masking, loudness, absolute threshold, 
phase sensitivity, and the audibility of partials in complex tones. The auditory filter does not 
have a simple rectangular shape; rather it has a rounded top and sloping sides. The value of 
the critical bandwidth should merely be regarded as a rough indication of its bandwidth. An 
equivalent rectangular bandwidth (ERB in Hz) of the auditory system as a function of center 
frequency (Fin kHz) can be described by the following equation (Glasberg et al., 1990): 

ERB = 24.7(4.37 F + 1) 

f.quation 1 

The auditory filter can be thought of as a weighting function which characterizes frequency 
selectivity at a particular center frequency. At mcxierate sound levels the auditory filter is 
roughly symmetrie on a linear frequency scale. At high levels the low-frequency side of the 
filter becomes less steep than the high-frequency side. 

The neural excitation pattem of a given sound represents the distribution of activity evoked 
by that sound as a function of the CF ( center frequency) of the neurons stirnulated. It 
resembles a blurred or smeared version of the magnitude spectrum of the sound. 

3.2 Simultaneous muking 
There is genera! agreement that the threshold of a signa! in sirnultaneous masking is quite 
well predicted by mcxielling the auditory system as a system of linear filters. In the on
frequency filter, the neural excitation pattem of a given sound is affected by intemal noise. It 
is assumed that a test signa! is detectable when the excitation of one filter increases with a 
certain percentage. 

In the case of a tone together with a wideband white noise, when the tone is at its masked 
threshold, the level of the tone is about 4 dB less than the level of the noise in the critica! band 
around the tone. The combined excitation produced by the tone plus noise is about 1.5 dB 
higher in level than that produced by the noise alone. Thus one rnight argue that 1.5 dB 
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represents the nurumum increment in excitation necessary for detection of the tone 
(Grantham, 1984; Roufs, 1992). 

4. Binaural masking level differences 
The masked threshold of a signa] can srnretures be markedly lower when listening with two 
ears than when listening with one. When white noise is presented in phase to bath ears via 
headphones, and pure tones are presented out-of-phase to each ear and mixed with the noise, 
the masked threshold level is lower than for the case that bath the noise and the tone are 
presented in-phase. 

Assume that the level of two in-phase tones is adjusted until it is just masked by the noise, i.e. 
it is at its masked threshold, and let its level at this point be Lod.B. When the signa) is inverted 
at one ear only (this is equivalent to shifting the phase of the signal by 1t radians), the tone 
becomes audible again. The tone can be adjusted to a new level, Lit, so that it is once again at 
its masked threshold. The diff erence between the two levels, Lo - Lit dB is known as a 
binaural masking level difference (BMLD), and its value may be as large as 15 dB at low 
frequencies, decreasing to 2-3 dB for frequencies abave 1500 Hz. When the relative phase of 
the signa) at the two ears is the same as the relative phase of the masker, the condition is 
called 'homophasic'. When the phase relations are opposite, the term 'antiphasic' is used. In 
genera) we can describe a particular situation by using the symbals N (for noise) and S (for 
signa)), each being followed by a suffix denoting relative phase at the two ears . 

• 
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Models for binaural 
interaction 

Neural models attempt to explain masking level differences in tenns of 
neural mechanisms, tha,t extract interaural timing information and 
interaural intensity differences. The cross-correlation mechanism used 
has been generally accepted as the basic structure of models of binaural 
processing. 

M ost current models now include as an intermediate display the interaural cross
correlation as a function of center frequency (CF) after processing by the 
peripheral auditory system. Different types of psychophysical tasks are 
rrediated by different ways of interpreting the infonnation contained in the 

binaural display. Binaural detection thresholds can be predicted by consideration of the depth 
of notches and the height of the ridges of the cross-correlation function at or near the target 
frequency (Stern & Trahiotis, 1995). 

1. The Equalization and Cancellation theory 
This "black box" model was developed by Durlach (1963) for use in interpreting certain data 
on binaural masking level differences. The basic idea of this model is that the auditory system 
attempts to eliminate the masking components by first transforrning the stimuli presented to 
the two ears so as to equaliz.e the two masking components (the E process), and then 
subtracting the total signa! in one ear from the total signa! in the other ear (the C process). 
What happens to the target signa! as a result of this operation wil! depend on how the 
interaural relations for the target signa! compare with the interaural relations for the masking 
signa!. If these relations are identical, then the E process will also equaliz.e the two-target 
signa! components and the C process wil! eliminate not only the masking signa! but the target 
signa! as well. If these relations are not identical, then some of the target signa! will be left 
over after the C process and, assuming perfect precision, the signal-to-noise ratio will have 
been improved by an infinite amount. In order to obtain an improvement that is finite, it is 
assurred that the E process is perf ormed imperf ectly and, therefore, that a certain amount of 
the masking signa! is left over at the output of the EC mechanism. These imperfections are 
assurred to be represented in the form of E errors observable at the input to the C mechanism 
and are of the following basic types: those resulting from random time jitter in the 
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equalization rrechanism, and those resulting from corruption by amplitude errors in the E
process. Furthermore the equalization rrechanism is assurred to have only a limited 
repertoire of operations for equalization. A phase shift can only be equaliz.ed by means of an 
intemal time delay which introduces another source of errors. 

Although the EC process is applied here only to the binaural "unmasking" phenorrenon, it 
can equally well be used to explain the ability of the binaural auditory system to rreasure 
interaural correlation differences. 

The EC model ignores the fact that the auditory system is a biologica! structure. In other 
words, the auditory system is treated as a "black box" without regard to what is known about 
the contents of this box biologically. 

The EC model is found to be inappropriate at higher frequencies (> 1200 Hz). According to 
the EC-theory, no BMLDs occur for high center frequencies, since the time jiner extends the 
order of the period of the center frequency. BMLDs for higher frequencies can be explained 
as follows . When noise alone is present, the intensities in two ears will fluctuate, but they will 
fluctuate together and the instantaneous interaural intensity ratio will always be unity. When 
a homophasic signa! is added, this condition will remain unchanged. In the antiphasic case, 
however, although the interaural ratio of average intensities will still be unity, the 
instantaneous interaural intensity ratio, will, in most cases, be different from unity. If the 
relative phase of the signa! and noise are such that they add in the left ear, they may well 
subtract in the right ear, and vice versa. In genera!, the interaural intensity ratio will fluctuate 
around unity, the magnitude of the fluctuation depending upon the signal-to-noise ratio and 
the rate of fluctuation depending upon the effective bandwidth of the noise. Assurning that the 
response time of the auditory system is sufficiently fast with respect to the fluctuation rate to 
enable the auditory system to observe these deviations from unity, the auditory system will 
have the opportunity of observing instantaneous changes in level from one ear to the other, in 
addition to observing differences in levels in each ear alone. Interaural fluctuations of the 
envelope (IIDs) appear to be the basis for detection performance in binaural detection tasks 
with time-delayed waveforms at high centre frequencies (McFadden & Pasanen, 1978). 

2. Binaural cross-correlation based models 
2.1 Structure of binaural crou-correlation based models 
Colbum and Durlach (1978) argued that all of the then-current binaural models could be 
thought of as a particular realization of the generic of binaural interaction shown in Fig. 2. 
This generic structure includes a series of peripheral processing steps consisting of bandpass 
filtering, rectification, stochastic neural representation of the signals, comparison of 
interaural timing information over a limited range of intemal delays using a correlation or 
coincidence rrechanism, and a subsequent decision-making rrechanism. Since 1978 there has 
been a genera! acceptance of this basic structure, especially of the cross-correlation 
rrechanism used for the extraction of interaural timing information. 

10 
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Figure 2. Generic model ofbinaural pr=ing proposed by Colbum and Durlach ( 1978) including the Jeffress place 
mechanism. The blocks C.C. record coincidences of neuraJ activity from the two ears ( aller the dela ys). 

2.2 The model of auditory-nerve activity 
The model of auditory-nerve activity consists of a bandpass filter, a rectifier, followed by a 
mechanism that generates firing times of a Poisson process at a rate that is proportional to 
the output of the rectifier. Colbum used this Poisson process to characterize the response of 
auditory-nerve fibers to sound because it is one of the simplest stochastic processes that can 
realistically be applied to model the neural firing times (see appendix A.1.3 for details). Each 
fiber is characterized by a rate function, r(t), that describes the instantaneous rate of firing 
assmred to be produced by that fiber. 

2.3 The model of central processing 
Jeffress (1948) suggested that extemal interaural delays could be inferred by centra! units 
that record coincidences of neural irnpulses from pairs of more peripheral fibers. Each unit 
was assumed to cornpare information from the two ears after a series of intemal time delays. 
A key parameter in the analysis of the outputs of such a mechanism is the interaural 
difference of the total delay incurred by the two monaural signals arriving at a given 

coincidence detector. This variable will be referred to as the net intemal delay t for that 
particular unit. The short time average of the set of coincidence outputs plotted as a function 

of their intemal delay t is an approximation to the short-term cross-correlation function of 
the neural signals arriving at the coincidence detectors. The response of each coincidence 
counter is characterized by two parameters: the intemal delay and the center frequency (CF). 
Fora given CF, the expected number of coincidences plotted as a function of the intemal 

delay parameter (t) describes the cross-correlation of the neural representation of the 
binaural signa!, as deterrnined by the rate functions of the fibers from the two ears at that CF. 

The function E[L(t,f)] can be thought of as a running cross-correlation function of the 
Poisson rate functions r L(t) and r R(t) : 

1 

E[L(r,f )] = J rL (a)rR (a ~ r)w(t - a)p(r)da 

Equation2 
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The function w(t) in this equation is a tempora) weighting function and emphasizes the most 
recent values of the cross-correlation of rL(t) and rR(t), the function p(î) serves to emphasize 
the contributions of intemal delays of small magnitude. This type of emphasis is referred to 
as centrality. An appropriate distribution for p(î in ms) is given by (Colbum, 1977): 

p(T) = C 

(
l-rl-0.15) 

p(-r) = Cexp 
0

_
6 

(
l-rl-2.2) 

p(-r) = 0.33Cexp 
23 

Equation 3 

1-rl $ 0.15 

0.15 $1-rl $ 2 .. 2 

1-rl > 2.2 

2A Physiological support for cross-correlation based models 
Of particular interest to the developers of models based on the Jeffress-Colbum coincidence 
rrechanism are cells first reported by Rose et al. ( 1966) in the inferior colliculus that appear 
to be maximally sensitive to signals presented with a specific interaural delay, independent of 
frequency. Cells with a similar response have been reported by others in the media) olive, and 
the dorsal nucleus of the lateral lemniscus. Although most cells exhibit characteristic delays 
that fall within the maximum delay possible for a point source in a free field for a particular 
anima), a substantial number of time delay-sensitive cells have characteristic delays that fall 
outside the "physically plausible" range. 
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The influence of signal 
properties on BMLDs 

In this chapter, the cross-correlation model and the EC-theory are used 
for interpreting certain data on binaural masking level differences, in 
which the signa! to be detected consists of a pulsed tone, and the masking 
signa! consists of band-limited Gaussian noise. 

It is well known that for broadband noise maskers, BMLDs resulting from the 
comparison of an NoS11 condition with an NoSo condition are much larger at low 
fre.quencies than at high fre.quencies (Durlach, 1964; Metz et al., 1968). At low 

fre.quencies, BMLDs are approximately 15 dB, while at fre.quencies above about 2 kHz they 
are only 2-3 dB. When narrowband noise maskers instead of broadband maskers are used, 
the BMLDs are generally much larger, both at low and high fre.quencies . In this case, 
BMLDs at low fre.quencies can be as high as 25 dB, while at high fre.quencies they can 
amount to 15 dB (van de Par & Kohlrausch, 1995). 

1. lnteraural signal properties and BMLDs 
1.1 NoS,, experiments 
Zurek and Dur lach ( 1987) rreasured detection thresholds for tones in noise for either 
interaurally in-phase test signals (No,S0) or out-of-phase test signals (No,S11) as a function of 
the bandwidth of a diotic masking noise. They reported that NoS11 thresholds indicated 
critical-band filtering, but with a wider effective critica) band than normally observed for 
NoSo conditions. At subcritical effective masker bandwidths, NoS11 thresholds increased with 
an increase of noise bandwidth, despite the fact that the total noise power was constant. They 
attributed this finding to binaural insensitivity to rapid fluctuations in the interaural cues that 
subserve detection in the NoS11 condition. 

For supracritical effective bandwidths, thresholds decreased with 3 dB per octave of masker 
bandwidth. For high center fre.quencies, Zurek & Durlach (1987) reported small difference 
between No,S0 and NoS11 thresholds. 
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1.2 NitSo experiments 
Van de Par & Kohlrausch ( 1995) measured detection thresholds for interaurally in-phase test 
signals as a function of the bandwidth of an out-of-phase masking noise. Generally, 

thresholds from NoS1t experurents were lower than thresholds from N,cS0 experurents at the 

same center frequency and masker. Similar effects for N,cS0 conditions of masker bandwidth 

were found as for NoS1t experurents; for subcritical masker bandwidths thresholds increase 
with increasing masker bandwidth. 

Both the EC-theory and the cross-correlation model provide insight concerning the different 
binaural detection thresholds as a function of center frequency, and interaural configuration 
of the masker noise and test signal. 

1.3 Dependence on the masker bandwidth 

For supracritical effective bandwidths, slopes of -3 dB/Oct are reported for NoS1t conditions 
(Zurek & Durlach, 1987). If the overall level of the masker is held constant, in one particular 
bandpass filter, the energy of the masker noise decreases with -3 dB per octave of masker 
bandwidth. However, the intensity of the test signa] in the on-frequency filter remains the 
same. This leads to an increasing signal-to-noise ratio, resulting in decreasing detection 
thresholds. 

In genera), NoSo thresholds decrease with increasing masker bandwidth for subcritical masker 
bandwidths (Zurek and Durlach, 1987; van de Par & Kohlrausch, 1995). This is probably 
due to the uncertainty in the stimulus level caused by fluctuations in the masker envelope. 
With a masker of finite length this uncertainty is largest at narrowest bandwidths. The 
uncertainty in stimulus energy decreases with 1.5 dB/Oct of masker bandwidth (Bendat and 
Piersol, 1976). If signal detection depends on an energy cue, NoSo thresholds can be expected 
to decrease with 1.5 dB per octave of masker bandwidth. 

In order to understand the dependence on bandwidth of N,cS0 thresholds, a portion of the 
tempora] waveform of a 10-Hz wide noiseband centered at 125 Hz is shown in Fig. 3 (solid 
line). If the noise masker is interaurally in-phase, as in an N0 condition, the waveforms 
presented to both ears are identical (as long as no test signa) is present). If an Sit signal is 
added, the auditory system can improve the signal-to-noise ratio by subtracting the signals 
presented to the left and right ear. This subtraction is the basic assumption of the EC-theory. 
However, if the masker is interaurally out-of-phase and if an S0 signa) has to be detected, a 
subtraction will not lead to an improvement in signal-to-noise ratio, but in a cancellation of 
the signal. If an intemal delay is applied before the subtraction in order to match the left and 
right masker signa), subtraction leads toa partial cancellation of the masker. In Fig. 3, the 
dashed line shows the same 10-Hz wide noise band, only now after a phase shift and a time 
delay corresponding to half the period of the center frequency (i.e., 4 ms). As a consequence 
of the non-zero bandwidth of the masker noise, the match is imperfect; if the signals from Ieft 
and right ear are subtracted, the residual noise will increase with increasing masker 
bandwidth. The imperfect match leads to a reduction of correlation, which will be referred to 
as decorrelation. 
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An additional effect which may influence NoS1t and N,$0 thresholds is related to the fact that 
the envelope of a Gaussian noise with bandwidth B wil1 fluctuate with a rrean frequency 
proportional to B. Since the auditory system becorres less sensitive to fluctuations with 
increasing rnodulation frequency, thresholds are expected to increase with increasing 
bandwidth. Binaural processing at wider bandwidths is harnpered by the rate of interaural 
ture and intensity fluctuations which increases with increasing masker bandwidth. Grantham 
(1984a) has shown this insensitivity to rapidly fluctuating interaural cues in discrimination 
tasks. Tempora! averaging is detrurental in NoS1t and N,$0 conditions because the interaural 
cues fluctuate symmetrically around the fixed values of the diotic (noise alone) stimulus. 
Thus it is a change in variance that must be detected. Since averaging tends to reduce 
variability, interaural cues are more difficult to detect the greater the number of samples 
entering into the averager. 

1.4 Dependence on the center frequency 
There are two mechanisms that could account for the diff erences between low- and high 
frequency BMLDs: 

• With increasing frequency, the auditory filter bandwidth increases. It is a genera) rule 
that the maximum rate of fluctuations within a noise band is proportional to its 
bandwidth. Fora broadband masker, therefore the rate of changes in interaural ture and 
intensity diff erences at the outputs of the auditory filter increases with increasing signa) 
frequency. This increased rate is detrurental for binaural unmasking, since the auditory 
system is not able to follow these rapid changes (Perrot and Musicant, 1977). 

• With increasing frequency, the responses of the inner hair cells show a decrease in 
phase-locking (Palmer and Russel, 1986). Therefore, at frequencies above about 1.5 
kHz, the fine-structure information of the input waveform is gradually lost. As a result, 
interaural time differences which are present in the fine structure of the waveform are no 
Jonger present in the activity of the auditory nerve. Therefore, at high frequencies less 
information is available for binaural detection. 

1.5 Dependence on the masker duration 

Thresholds for N,iS0 and NoS1t conditions increase with decreasing masker duration 
(Kohlrausch, 1986). To be able to detect the change of interaural parameters due to the 
addition of the test signa!, the binaural system must know, as exactly as possible, the 
interaural parameters of the masker alone. The optima! knowledge of these noise parameters 
can only be achieved if the noise is presented with a sufficient duration (> 1 OOms). 
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Experiments with 
interaurally phase- and 
time shifted maskers 

In this chapter, an experiment is discussed which measures detection 
thresholds from interaura/ly phase shifted masking thresholds and 
interaurally time shifted masking thresholds. 

As described in chapter 3, an interaural time shift of half the period of the center 

frequency for an N71 masker noise does not lead to a perfe.ct match of the 
wavefonns; the norrnalized correlation between the two tempora) wavefonns is less 

than one. This de.correlation increases with increasing masker bandwidth. According to the 
EC-theory, it is pre.cisely this de.correlation which results in increasing binaural dete.ction 
thresholds. However, if the masker noise is not interaurally phase shifted, but rather 
interaurally time shifted, an internal cornpensation does not lead to de.correlation, since no 
net-delay between the wavefonns remains after internal cornpensation. 

1. Predictions according to the EC-theory 
According to the EC-theory (Durlach, 1963), interaural delays and interaural phase shifts in 
the masker are cornpensated by an internal delay which cornpensates the interaural 
differences as good as possible. In the EC-theory it is assumed that for a spe.cific center 
frequency, delays can be applied which correspond up toa half period of the stimuli at that 
center frequency. For N.$0 stimuli where 't is within the range for which the equalization 
mechanism can cornpensate, a perfe.ct cancellation can be obtained in principle. For N,r50 

stimuli however, the interaural phase shift is cornpensated by an internal time delay. For this 
situation only a partial cancellation of the masker can be expe.cted. 

If we now assume, that the N.$0 stimulus is such that the same delay is applied by the 
equalization mechanism as for the N,r50 stimulus, the equalization stage will effe.ctively create 
an Sn signa) which will not be canceled in the cancellation stage. Taking into account that for 
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N,$0 stimuli the masker is not canceled as successfully as for an N~o condition, we can 
expect that N~0 detection thresholds are lower than for NnSo-

To evaluate the hypothesis that the binaural system benefits from the absence of 
decorrelation in an interaural time shifted condition in contrast to an interaural phase shifted 
condition, as suggested by the EC-theory, binaural masked thresholds were rre.asured to 
study the influence of interaural time delay and phase shift for five different interaural time or 
phase relations (NoSo. NoSit, N,$0, N~0 and (NoSit)d as a function of masker bandwidth and 
center frequency for 't corresponding to half the period of the center frequency. The rationale 
for these conditions is as follows. NoSo thresholds are necessary to calculate BMLDs. N,$0 

and N~0 thresholds were rre.asured in order to evaluate the benefit from the absence of 
decorrelation. In the case of N~o, (NoS1t)t12 and No,Slt stimuli, the binaural system can benefit 
from the absence of decorrelation (masker noise and test signa) differ a half period), however, 
the intemal delay that is necessary to compensate for the extemal delay is different. For the 
NoSit condition, no intemal compensation is necessary, since the masker noise is in-phase in 
both ears. In the case of an N~o condition, the net-intemal delay is equal toa half period of 
the center frequency, for optima) binaural interaction. For an (NoS1t)t12 condition, the 
optimum net intemal delay is equal toa quarter period of the center frequency. With these 
stimuli, the effect of intemal delay is measured. 

In order to investigate the dependence of masker correlation on binaural detection, an 
additional experiment to measure masked thresholds as a function of interaural correlation 
was employed. According to the EC-theory, a decrease of correlation in the masker noise 
leads to an imperfect match of the waveform, after the E-process. Therefore, thresholds are 
expected to increase with decreasing interaural correlation. 

2. Experiment 1 
2.1 Procedure 
A 3-interval Forced-Choice procedure with adaptive signal-level adjustment was used to 
deterrnine masked thresholds. Three masker intervals of 400-rns duration were separated by 
pauses of 300 ms. A signa) of 300-rns duration was added in the tempora) center to one of 
the masker intervals. The subject' s task was to indicate which of the three intervals contained 
the test signa!. Feedback was provided to the subject after each trial. 

The signa) level was adjusted according to a two-down one-up rule (see appendix A.1.4 for 
details). The initia) step size for adjusting the level was 8 dB. After each second reversal of 
the level track, the step size was halved until a step size of 1 dB was reached. The run was 
then continued for another 8 reversals. From the level of these Jast 8 reversals, the median 
was calculated and used as a 70.7% correct threshold value. At least four threshold values 
were obtained and averaged for each parameter value and subject. 
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2.2 Stimuli 
All stimuli were generated digitally and converted to analog signals with a twerchannel, 16-
bit Dl A converter at a sampling rate of 32 kHz. The signals were presented to the subjects 
over Beyer DT990 headphones at a sound pressure level of 65 dB. 

The 400-rns masker samples were obtained by randomly selecting a segment from a 2000-rns 
bandpass-noise buffer. The bandpass-noise buffer was created in the frequency domain by 
selecting the frequency range from a 2000-rns white noise after a Fourier transform. After an 
inverse Fourier transform, the band-lirnited noise buffer of 2000 rns was obtained. 

The 300-rns signals were sinusoids with a frequency equal to the center frequency of the 
noise masker. In order to avoid spectra) splatter, the signa) and the maskers were gated with 
50-rns raised-cosine ramps. Thresholds are expressed as signal-to-overall-noise-power ratio. 

BMLDs were obtained by measuring and comparing NoSo, Nn,So, N.So and <NoS11:)t12 
thresholds ('t corresponding to a half period of the center frequency). Thresholds were 
measured for maskers with a center frequency of 125 Hz, 500 Hz and 1000 Hz, and 
bandwidths of 10, 25, 50 and 100 Hz. 

3. Results 
3.1 NoSo thresholds 
Results for the NoSo thresholds at center frequencies of 125, 500 and 1000 Hz for all subjects 
are shown in Figs. 4 and 5. For all subjects, thresholds tend to decrease with increasing 
bandwidth. For masker bandwidths of 10 Hz, signal-to-noise ratios were measured of + 2 or 
+3 dB, decreasing to -2 or -4 dB for masker bandwidth of 100 Hz for all center frequencies, 
except for subject SP; for this subject thresholds increase with increasing masker bandwidth 
for masker bandwidths above 50 Hz. Standard errors were in order of 1.5 dB. 

3.2 N.SO & N,8o thresholds 
NnS0 and NtS0 thresholds at center frequencies of 125, 500 and 1000 Hz are shown in Figs. 
4 and 5. Both conditions were very similar for each subject. At 125-Hz center frequency, 
BMLDs decrease for subjects SP and JB from 20 dB at 10-Hz masker bandwidth to 5 dB at 
100-Hz masker bandwidth. At 500-Hz center frequency, BMLDs decrease from 23 dB to 12 
dB with increasing masker bandwidth. Finally, at 1000-Hz center frequency, BMLDs 
decrease from 20 dB to 12 dB with increasing masker bandwidth. The data show that the 
effect of masker bandwidth on binaural thresholds decreases with increasing center 
frequency. Standard errors were in order of 1.5 dB for subjects SP and JB. Furthermore, 
subject NM had much smaller BMLDs than subjects SP and JB. The results from subject 
NM have standard errors in order of 2-3 dB. 

Generally, at low frequencies the decrease of BMLD with increasing masker bandwidth is 
dominantly due to the increase of the binaural thresholds. However, at high center 
frequencies, the decrease of NoS0 thresholds results in decreasing BMLDs, since binaural 
thresholds are hardly affected by masker bandwidth. 
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Figure 4 - NoSo thresholds (upper line), N,So thresholds ( o) and N,So thresholds (x) as a function of masker bandwidth. Center frequency 
of 125 Hz (top panels); 500 Hz (middle panels) and I kHz (lower panels). Left-hand panels: result~ for subject JB. Right-hand panels: 
results for subject SP. 
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Figure 5 - NoSo lhresholds (upper line), N,So lhresholds (o) and N,So thresholds (x) as a function of masker bandwidth for subje.ct NM at 

125-Hz center frequency (left panel) and for subject NM at 500-Hz center frequency (right panel). 

3.3 (NoS,,)r thresholds 

(NoS11)t thresholds as a function of masker bandwidth are shown in Figs. 6 and 7 at three 
values of 't ('t=Ü, 't corresponding to a quarter of the period of the center frequency, and 't 

corresponding to half the period of the center frequency). Thresholds increase with increasing 
masker bandwidth and with increasing interaural delay 't. The results from subjects SP and 
JB were very sirnilar. However, thresholds from subject NM were approximately 10-15 dB 
higher than thresholds from subjects SP and JB. Furtherroore, the results from subject NM 
are hardly influenced by masker bandwidth. A striking result is that with increasing center 
frequency, the effect of interaural delay and masker bandwidth on the detection thresholds 
decreases for all subjects. 

At 125-Hz center frequency, thresholds increase with 2 dB per octave of masker bandwidth. 
At 1000-Hz center frequency, only small differences exist between thresholds at 10 Hz or 
100-Hz masker bandwidth. 

Furtherroore, an interaural delay of 2 ms at 125-Hz center frequency results in increase of 
thresholds by approximately 3-6 dB. At 1000-Hz center frequency, however, an interaural 
time shift corresponding with a phase shift of rr/2 (i.e., 0.5 ms) results in only 1-3 dB increase 
of detection threshold. 
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Figure 6 - (No,S.), thresholds as a function of masker bandwidth. (o): thresholds for t=O. (x): thresholds for 't corresponding toa quarter 
period of the center frequency. (no rnarlcers): thresholds for 't corresponding toa halfperiod of the center frequency. Center frequency of 
125 Hz (top panels); 500 Hz (middle panels); 1 kHz (bottom panels). 
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Figure 7 - (NoS,,)t thresholds as a function of masker bandwidth. ( o): thresholds for 't=O. (x): thresholds for t corresponding to a quaner 
period of the center frequency. (no markers): thresholds for t corresponding to a half period of the center frequency Left panel : thresholds 
for subject NM at 125-Hz center frequency. Right panel: thresholds for subject NM at 500-Hz center frequency. 

4. Experiment Il 
In order to investigate the dependence of masker correlation on binaural detection, an 
additional experiment to measure detection thresholds as a function of interaural correlation 
is employed. 

4.1 Procedure and stimuli 
The procedure that was used to obtain thresholds was the same as described in section 3.1. 
NpSo thresholds were measured with a center frequency of 125 Hz, bandwidth of 50 Hz and 
an interaural correlation p=-1, -0.98, -0.97, -0.95, -0.90 and-0.70. To obtain a correlation of 
minus 1, only one source noise was used. Correlations between -1 and -0.7 were obtained by 
adding additional noise to the left and right channels from different sources, keeping the rms
levels of the mixtures equal and constant for all conditions. Under these conditions, the 
correlation is given by the equation (Robinson & Jeffress, 1963): 

E.quation 4 

Here, ec is the rrns voltage of the cormoon or correlated part and eu is the rrns voltage of the 
uncorrelated part of the noise. 

22 



MODELLINO THE INFLUENCE OF MASKER BANDWIDTH ON BMLDS 

5. Results 
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Figure 8 NpSo thresholds as a function of 
interaural correlation of the masker noise for 
subject JB at 125-Hz center frequency and 50 Hz 
bandwidth. 

Thresholds are shown as a function of the masker correlation in Fig. 8. This condition was 
tested for subject JB only. For an interaural correlation of -1, signa) to noise ratios were 

measured of -13 ± I dB. This result is consistent with data from the NnS0 experiment for 
subject JB. As the correlation is changed from -1 to -0.95, thresholds increase by about 3 dB. 
As the correlation decreases further, thresholds increase with decreasing correlation, but with 
a decreasing slope. The genera) shape of the thresholds as a function of interaural correlation 
is consistent with findings by Robinson & Jeffress (1963), who did sirnilar experiments for 
wide-band noise maskers. 

6. Discussion 
6.1 Differances betw-n N,8o & N.SO thrasholds 

Results for the NnSo and N$0 conditions are shown in Figs. 4 and 5. These conditions were 
very sirnilar. If the null-hypothesis Ho is tested by applying a student's t-test as described in 

appendix A. 1.2, that there is no difference between NnS0 and N$0 conditions for each 
subject, Ho is accepted even at a 20% level of significance. According to the EC-theory, 

higher NnSo than N-cSo thresholds were expected. The EC-theory is not able to account for 
this sirnilarity between N$0 and NnS0 thresholds. 

6.2 Differances betw-n subJects 
The null-hypothesis which assumes that there is no statistically significant difference between 
subjects is rejected at a 0 .5 % level of significance. Furthermore, the thresholds from subject 
NM were much higher than thresholds from subject JB and SP. Since subject SP and JB 
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gave very similar effe.cts from interaural clelay and masker bandwidth, the mean thresholds 
from these two subjects will be used in chapter 5. 

6.3 BMLDs and corralation of the rnasking noise 

The NpSo experiment with narrowband noise shows a decrease of BMLDs for decreasing 
absolute values of the interaural cross-correlation. This effect was also found in other studies 
for wideband noise (Robinson & Jeffress, 1963; Gabriel & Colbum, 1981 ). 

For the Nt stimulus, the wavefonns after peripheral transduction are identical, yielding an 

normalized interaural correlation of 1. For the N1e stimulus, the correlation is smaller even 
after compensating the phase shift by an intemal clelay to the stimulus in one of the ears. 

Thus, in the intemal representation, the N1e stimulus never reaches a normalized interaural 

correlation of 1. Therefore, higher N-rSo BMLDs were expected than N~0 BMLDs. 
However, in contrast to the predictions from the EC-theory, the experiments show slightly 

higher BMLDs for the N~0 condition, but this difference is not statistically significant (see 
section 1.1 ). 

Furthermore, with increasing center frequency, the effect of masker bandwidth decreases. 
Hence, the intemal delay necessary to compensate for the extemal delay decreases with 
increasing center frequency. It seems that the effect of masker bandwidth on the detection 

threshold is less for lower intemal delays. This is what can be expected for the N1e stimulus, 
since the fluctuations in the envelope as a function of time of a band-limited noise are center

frequency independent. With increasing center frequency, the intemal delay 't that is 
neccesary decreases. Therefore, with increasing center frequency, the amount of 
decorrelation between an original noise and the phase shifted and time shifted noise 

decreases. However, within the framework of the EC-theory, this is not expected for the N~0 

conditions. 

Both N~o and N-rS0 conditions show a similar decrease of BMLDs with increasing 
bandwidth. Since the normalized cross-correlation of the N-rS0 stimulus is always 1 for 't 

equal to the applied interaural time shift, and thresholds from N~0 and N~0 stimuli are not 
statistically significantly different, one might argue that not only the highest peak of the 
cross-correlation function deterrnines the threshold for detection of the signa!, bût other peaks 
as well, or even the whole correlationfanction. 

Furthermore, we see that if the intemal delay, necessary to compensate for the extemal delay 
becomes smaller, the binaural thresholds decrease. Note that the intemal delay decreases with 

increasing center frequency for N~0 and N-rS0 conditions, and decreases with decreasing 't 
for (NoS1r)t conditions. This is consistent with the assumption made by Colbum (1978), that 
more coincidence counters are available for small intemal delays than for Jonger intemal 
clelays. 

For the N~0 condition, the interaural correlation decreases with increasing masker 
bandwidth. According to the EC-theory, the interaural phase shift is compensated by an 

intemal delay. However, since the cross-correlation function is symmetrie around t=O, both a 

positive and a negative intemal delay result in the same binaural interaction. For the N-rS0 
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condition, the interaural correlation reaches a maximum if the external delay is compensated 
by an internal delay in the opposite direction. However, if the signa! from the coincidence 
counters is affected by internal noise, it is difficult to deterrnine whether a positive or a 
negative internal delay results in an optima! binaural interaction. If the external delay is 
compensated by an internal delay that is equal to the external delay, correlation between the 
original and the delayed noise decreases with increasing masker bandwidth. This decreasing 
correlation (i.e., damping of the correlation function) could be the rationale for the increasing 
N~0 thresholds with increasing masker bandwidth. 

This leads us to the concept, that binaural detection rnight depend on change in the 
normalized correlation pattern formed by several coincidence counters. In chapter 5, an 
algorithm is presented and evaluated to test the hypothesis that the binaural processor 
evaluates rather a set of coincidence counters at several internal delays than one counter at an 
optima! delay. However, before we introduce a model to evaluate multiple coincidence 
counters, some mathematica! properties of cross-correlation functions and displays are 
discussed. 
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Figure 9 - Amplitude as a function of time 
for a 10-Hz wide noise band centered at 
125 Hz. 
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Figure 10 - Cross correlation for a 10-Hz 
wide noise centered at 125 Hz with an 
interaural delay of 4 ms (solid line). 
Dashed line: cross correlation after 
prcx:es-ing by the inner hair-<:ell model. 
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The cross-correlation 
display approach 

Before we can begin to specify the relationships between the normalized 
correlation function of a stimulus and binaural detection, we must !<Jww 
something of the maJhematical properties of nonnalized cross-correlation 
functions, and how they are ajfected by adding a target signa/. 

1. Cross correlation display 
In the following example, the procedure is described for the generation of a cross-correlation 
display for an N~0 condition. First a noise band is generated, with an interaural delay. Fig. 9 
shows an example of a noise masker with 10 Hz bandwidth centered at 125 Hz. For a 
bandpass noise whose range extends from f. to fb we have (Rice, 1959): 

Equation 5 

Where Rult) represents the correlation function, Wo the spectra) energy density, 't the delay 
and 'ta the applied time shift. The normalized cross-correlation function (p) is given by: 

Equation 6 

The function p('t) fora 125 Hz, 10 Hz wide noise, with an interaural delay of 4 ms, is shown 
in Fig. 10 (solid line). Because of the nonz.ero bandwidth of the masking noise, damping of 
the correlation function occurs. When both signals rL(t) and rR(t) are samples of length T 
from bandwidth lirnited noise (bandwidth B) with mean values µ::O, the variance of the 
correlation function for all 't is conservatively given by (Bendat and Piersol, 1976): 
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Figure 11 - Cross correlation for a 10-Hz 
wide noise centered at I kHz, with an 
interaural delay of 0.5 ms (solid line). 
Dashed line: cross correlation after 
proressing by the inner hair-<:ell model. 
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Figure 12 - Cross correlation for a 10-Hz 
wide noise centered at 125 Hz after 
proressing by the inner hair-<:eU model 
(solid line) and after adding a test signa) 
for SIN= -8 dB (da.~ line). 
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F.quation 7 

Som! workers have tried to evaluate the variance of the normalized correlation function. 
Gabriel & Colbum (1981) introduced the following strictly empirica] formulation for the 
normalized m!an square error in case of an Np condition at 't=O: 

F.quation 8 

Where cr/ at p=O is denoted cra2. From Eq. 8 it is clear that decrease in correlation will lead 
to increase of variance of the correlation function for that particular interaural configuration. 

The first step for generating a correlation display is the filtering of the stimulus with a 
bandpass filter with a bandwidth of l ERB. The next step in generating the cross-correlation 
display is to apply a hair-cell model. The model consists of a halfwave rectifier and a second
order low-pass filter at 500 Hz. The low-pass filter serves as a m!ans to reduce the fine 
structure of the rectified waveform at high frequencies. The third step consists of applying 
the cross-correlation function between the left and right channel. The cross-correlation 
function for the dichotic (interaural time shift of 4 ms) noise is shown in Fig. 10. The dashed 
line represents the cross-correlation function after peripheral processing, the solid line 
represents the cross-correlation function as described in equation 6. 

In Fig. 11, the sam! procedure is followed as in Fig. l O for generating a cross-correlation 
function for a noise masker centered at l kHz. The solid line represents the cross-correlation 
function as described in Eq. 6, the dashed line represents the cross-correlation from both 
signals after being processed by the inner hair-cell model. Note that the fine structure of the 
cross-correlation function is gradually lost at higher frequencies after the signals from both 
ears are processed by the inner hair-cell model. 

In Fig. 12, the cross-correlation function after peripheral processing is shown for the N-rS0 

stimulus at 125-Hz center frequency and 10-Hz masker bandwidth, for SIN= -8 dB. The 
solid line represents the Nr masker alone, the dashed line represents the cross-correlation 
function for the N-rSo condition. 

From Fig. 12, we can see that adding a test signa! results in a change of the correlation 
pattem between the left and right signa!. In the model that is described in the next section, it is 
assum!d that this change of correlation is a cue for signa) detection, and that a certain span of 
intemal delays is evaluated in a detection task rather than a single value. Intemal noise of the 
peripheral auditory system can be modelled as an independent noise over the cross
correlation function, or as Poisson distributed noise for which the variance is proportional to 
the neural activity. These noises are added to the signals after being processed by the inner
hair cell model. According to the signa) detection theory (see appendix B), addition of noise 
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or increase of variance of the correlation function due to the diff erence between specific 
masker noise samples leads to increasing signa) dete.ction thresholds. 

2. Simulations 
In order to validate the cross-correlation approach in binaural detection experirnents, a 
computer model is developed. This model consists of several stages in order to sirnulate parts 
of the peripheral auditory system, parts of the centra) processing, and a decision device that 
uses changes in the correlation function as a cue for detection. 

2.1 Basic assumptions 
Several assumptions are made with respect to the various stages in the model. 

1. The model uses a change in the correlation pattern due to the addition of a test signa) as a 
cue for detection. However, the cross-correlation computed from a foute test signa) is 
subject to variance resulting from the finite sample length, and the nonzero masker 
bandwidth. Therefore, it is assumed, that at detection threshold, the change in correlation 
by adding the test signa) must exceed this variance. 

2. It is assumed, that the uncertainty of the energy level from a band-limited noise makes no 
contribution in binaural detection tasks. In fact, the uncertainty as described in Eq. 7, is 
much larger than the change in correlation by adding a test signa) at threshold level. In 
order to onlit energy level uncertainty, normalization of the correlation function is 
applied. 

Fora 400-ms, 10-Hz wide noise band, the standard error of the cross-correlation for t=O 
is, according to Eq. 7: 

a (r=0) a; 
R :::: - =50.10-J 

R(r=0) BT ' 

Equation 9 

The change in correlation at t=O, for an NoSx condition at threshold level (i.e., -24 dB) at 
500-Hz center frequency: 

t!.R(r = 0) ----= 8 0.10-3 

R(r=0) ' 

Equation 10 

If the uncertainty of the energy level affects binaural detection, much higher thresholds 
are expected for narrow band stimuli . 
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3. It is assumed, that more coincidence counters with small intemal delays are available 
than those with large delays, as suggested by Colbum (1977). 

4. The cochlea is mcxlelled as a set of bandpass filters, followed by a rectifier, a 
compressing nonlinearity and a lowpass filter. Therefore, spontaneous activity and 
saturation of the inner hair-cells, as reported by Kiang (1975) and Camey (1993), are 
not taken into account. 

5. The cross-correlation functions from several bandpass filters are combined into one 
correlation function. This across-frequency integration bas been shown to be applicable 
to a large range of pitch phenorrena and binaural lateralization experirrents (Shackleton 
et al., 1992), and can be used to cape with the findings reported by Zurek and Dur lach 
( 1987) that the effective auditory bandwidth for binaural processing seems to be wider 
than the monaural critica! bandwidth. Hence, this combination of information from 
several bandpass filters does not explain the phenorrenon of the binaural critica! 
bandwidth in physiological terms, since no physiological proof exists that the binaural 
system acts like an across-frequency integrator. 

6. The correlation function is affected by intemal noise that is generated by the binaural 
system, independent of variance due to extemal noise. The intemal noise results in 
inherent variability of the cross-correlation function and is neccesary to obtain realistic 
thresholds. 

2.2 Mathematica! implementation 
2.2.1 Outer and middle ear 
The combined outer and middle ear frequency transfer function was modelled by frequency 
dependent gains, resulting in a preemphasis of 6 dB/Oct below 1 kHz and -6 dB/Oct above 4 
kHz. 

2.2.2 The Cochlea 
The cochlea was modelled by a set of gammatone filters (see appendix A.1.5 for details) with 
a between filter spacing of 1 ERB. The middle filter bas a center frequency that is equal to 
the frequency of the test signal. 

2.2.3 The inner hair cells 

A halfwave rectifier, a compressor and a first order lowpass filter at 1.2 kHz were applied in 
order to simulate the signa) properties after being processed by the inner hair cells. The 
lowpass filter results in loss of fine structure for high frequencies. Compression was applied 
by computing the square-root of the tempora! waveform. 

2.2.4 Coincidence counters 
A cross-correlation device serves as a model of the coincidence counter cells in the auditory 
system For all bandpass filters from the cochlea model, a cross-correlation function between 
the left and the right channel is computed: 
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F.quation 11 

In order to evaluate the influence of tempora) resolution, the cross-correlation was computed 
from the full 400-ms stimulus, or from a 50-ms stimulus. Subsequently, a time window p('t) 
as described in Eg. 3 is applied to all cross-correlation functions: 

Equation 12 

Cross-correlation values for l'tl > 8 ms were neglected. The time-window as described in Eg. 
12 is independent of signa! frequency. Other recent rnodels either use a wider weighting 
function (Shackleton et al., 1992) or a weighting function which becomes narrower for 
higher frequencies (Stem et al., 1988). To obtain a normalized cross-correlation, a root
mean-square (rms) device computes the root-mean-square value of the signals from left and 
right ear after being processed by the inner hair cells: 

Equation 13 

The normalized cross-correlation becomes: 

R' 
P;(T)=L~n 

n 

Equation 14 

In order to obtain realistic thresholds, it is neccesary to include a source of errors. Hence, 
auditory neurons show spontaneous activity even if no signa! is present, and have stochastic 
firing rates in the presence of a signa! (Kiang, 1975; Meddis, 1988). A statistica! distribution 
describing a number of 'accidents' which occur in a certain time interval is the Poisson 
distribution (see appendix A.1.3 for details). Therefore, Poisson-distributed noise can be 
applied as a model for the stochastic firing rates of the auditory neurons. If no signa! is 
present, the spontaneous activity of the neurons can be simulated by adding Poisson
distributed noise, assuming a constant spontaneous activity. If the activity is large enough, 
the Poisson distribution can be approximated by a Gaussian distribution. Thus, two different 
noise sources can be applied. Either a Gaussian distributed noise with a constant rms value:: 

Equation 15 
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or a Gaussian-distributed noise with a variable nns value: 

F.quation 16 

Where n represents a Gaussian-distributed noise at an adjustable nns-value. However, the 
last noise assumption (as described by Eg. 16) did not give satisfying results. The reason for 
this is that, for N0 conditions, a relatively large amount of noise is added to the cross
correlation function, since the cross-correlation function is almost one for 't=Ü. Adding an Src 
signa) to the N0 masker leads toa certain decrease of the correlation function at 't=Ü. For the 
Nrc masker noise, however, the cross-correlation function reaches a maximum value for 't 

corresponding to half the period of the center frequency, and has a minimum for 't=Ü. By 
applying the time window as described in equation 12, the maximum value of the cross
correlation function for an N0 masker is much higher than the maximum value of the cross
correlation function for an Nrc masker. This results in a higher test-signal-to-intemal-noise 
ratio for the NrcS0 stimulus than for the NoSrc stimulus, in turn resulting in higher NoSrc 
thresholds than NrcS0 thresholds. Therefore, only Gaussian distributed noise with a constant 
rrns is applied. The cross correlation is normalized before adding noise. Therefore the 
correlation-to-noise ratio is signal-level independent. 

The intemal noise is added after applying the time window from Eg. 12. This results in lower 
correlation to noise ratios for Jonger intemal delays. This is consistent with data from the 
experiment as described in chapter 3. Hence, thresholds increased with increasing interaural 
delay. 

In order to combine the cross-correlation data, a new normalized cross-correlation function is 
composed by adding the cross-correlation functions from aU bandpass filters: 

F.quation 17 

Since the correlation functions are normalized with the total energy from aU bandpass filters, 
as described in Eg. 14, Eg. 17 leads to a normalized cross-correlation function with an 
absolute maximum of one for a homophasic condition. Four different frequency domains 
were used. One model only uses cross-correlation from one ERB-bandpass filter, other model 
configurations use 3, 5 or 9 ERB-bandpass filters. This across-frequency integration has 
been shown to be applicable to a large range of pitch phenomena and binaural lateralization 
experiments (Shackleton et al., 1992). 

2.2.5 Decision device 

As the model uses a change in the correlation function for detection, these mean cross
correlation functions as described by Eg. 17 for all three stimuli are compared as foUows: the 
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integrated absolute difference (D) between two cross-correlation functions for different 
stimuli (a) and (b) is calculated: 

8m.r 

D = f l,o;, (î)- ~(î*î 
-Bm.r 

E.quation 18 

Ina 3-IFC experirrent, three values of D are computed. The decision device then picks the 
test interval that is found in both the two maximum differences D (i.e., has the most different 
cross-correlation function in comparison with the other cross-correlation functions). 

2.3 Application in 2-IFC and 1-IFC experiments 
The decision device described in section 2.2.5 is only applicable in 3-IFC experirrents. In 
order to use the integrated absolute difference approach in a 2-IFC experirrent, additional 
information is necessary concerning the genera) shape of the correlation function for a noise 
masker alone. Therefore, a template, containing the rrean cross-correlation function, 
computed from many random masker intervals, has to be stored in rrernory. The possibility 
exists to refine the template during the experirrent by using the cross-correlation functions 
from the masker noises. Since feedback is supplied in the experirrent, in a 2-IFC experirrent 
it is always possible to deterrnine which interval consists of a masker noise alone. The cross
correlation functions from the two intervals from the experirrent are subtracted from the 
template. These differences are again integrated. The decision device then picks the interval 
which has the highest integrated absolute diff erence. 

For an 1-IFC experirrent, a template for the cross-correlation function of the masker noise is 
necessary. The decision device than computes the integrated absolute difference (D) between 
the test interval and the template. To be able to distinguish between the situation that a test 
signa! is present or is not present in the masker noise, the model needs a cutoff point 
corresponding to a particular value of D, which we may denote De. If, on any given trial, the 
value of D which actually occurs is greater than De, the model will report that a test signa! 
was present; otherwise the model will report no test signa!. 

2.4 Procedure and stimuli 
Since the simulations were done to evaluate the cross-correlation approach for binaural 
unmasking and to validate this model with the experirrental data, the sarre procedure and 
stimuli were used as described in chapter 4, section 3. In addition, other stimuli with a 
smaller length (50 ms) were tested. The 50-ms maskers were gated with 6.25-ms raised 
eosine ramps; furtherrnore a 37.5-ms test signa! was added in the tempora! center to one the 
masker intervals. Six different configurations were tested. Four models used a different 
number of gammatone filters, a fifth configuration had a higher internal noise level, a sixth 
configuration used shorter masker intervals (50 ms vs. 400 ms). The different configurations 
are summarized in table 1. The models were tested at 125-Hz center frequency for masker 
bandwidths of 10, 25, 50 and 100 Hz, and at 500-Hz center frequency, for masker 
bandwidths of 10, 25, 50, 100, 250, 500 and 1000 Hz. 
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Figure 13 - Thresholds as a function of masker bandwichh at 125-Hz center frequency. Solid line: mean threm>ld from subject~ SP 
and JB. Dashed line: prediclions according to model configurarion 3. Upper lefi panel: N.SO threm>lds. Upper right panel: N,S., 
threm>lds. Lower lefl panel: NoS,, threm>lds. Lower right panel: (NoS,,), threm>lds. 

Table 1 - Model configurarions. 
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Figure 14 • Thresholds as a function of masker bandwidth. at 500-Hz center frequency. Solid line: mean threshold from subject.~ SP 
and JB. Dashed line: predictions according to model configuration 3. Upper left panel: N.SO thresholds. Upper right panel: N.SC, 
thresholds. Lower left panel: NoS,, thresholds. Lower right panel: (NoS,,)"2 thresholds. 

2.5 Results 
Thresholds for configuration 5 (intemal noise level of -25 dB) are not shown in any graph, 
since thresholds for all tested conditions gave sirnilar signa) thresholds of -10 to -8 dB, 
independent of interaural configuration, center frequency and masker bandwidth. Thresholds 
for configuration 6 (tempora) integration over 50 ms) is not shown in any graph, since the 
results showed very much sirnilarity with configuration 3. The only difference between these 
two conditions is a difference in the tempora) integration time. In Fig. 12 and 13, thresholds 
for model configurations 1, 2, 3 and 4 are shown. The solid line represents the mean 
thresholds from subjects SP and JB. Standard errors were computed as described in 
appendix A. 1 . 1. 
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Generally, the thresholds from configuration 3 show much similarity with the mean 

thresholds from subject SP and JB, except for the N,$0 condition: for this interaural 
configuration the effect of masker bandwidth is much less than for the subjects' thresholds. 
At 500-Hz center frequency, the models' thresholds for narrowband noise maskers vary more 
from the subjects' mean thresholds than at wide masker bandwidths. Furthermore, the 
difference between the models' thresholds for configuration 3 and the mean thresholds from 
the subjects is higher at 125-Hz center frequency than at 500-Hz center frequency. 

Fig. 15 shows the results for an NpSo condition at 125-Hz center frequency. The solid line 
represents data from subject JB, the dashed line represents data for model configuration 
3.The detection thresholds from the model follow the sarre trend as the data from subject JB. 
However, the detection thresholds area few dB lower for the model. 

S/N [dB) 

-16 / / 
/ 

-0.9 -0.8 -0.7 
interaural correlation 

Figure I 5 - Detection thresholds as a function of 
interaural correlation for a 50 Hz wide noise band 
rentered at 125 Hz (solid line) and predicted thresholds 
from model configuration 3 (dashed line) 

3. Discussion 
If we compare the thresholds from the different model configurations with the mean 
thresholds from the two subjects, configuration 3 and 2 seem to predict the binaural masking 
threshold quite well. Configuration 4 and I show a very small effective bandwidth: at I 25-Hz 
center frequency, thresholds decrease with masker bandwidth for masker bandwidths larger 
than 50 Hz. Since the effects of masker bandwidth, interaural delay and center frequency 
seem to be best predicted by configuration 3, the results from that configuration will be 
subject to further analysis. 

35 
/ 



- • t - ) 0 

Figure 16 - Cross correlation panem for a 
100 Hz wide N. noise masker at 125-Hz 
center frequency. 
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Figure 17 - Standard error of the cross
correlation panem from Fig. 16, based on 
9 degrees of freedom. 
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Figure 18 - Cross correlation for a 100 Hz 
wide N, masker centered at 125 Hz. 
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Figure 19 - Standard error of the 
correlation frorn Fig. 18 based upon 9 
degrees of freedom. 
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3.1 Effect of masker bandwidth 
Except for the Nn-50 condition, the influence of masker bandwidth on the detection thresholds 
predicted by the model is very similar. At 500-Hz center frequency, the thresholds from 
model configuration mostly lay within the standard error of the mean thresholds from subject 
SP and JB. Furthermore, thresholds decrease with increasing masker bandwidth for masker 
bandwidths wider than 100 Hz. 

The variance of the cross-correlation increases with increasing masker bandwidth. This 

increasing uncertainty results in increasing thresholds. However, for an Nn-50 condition, 
thresholds are hardly influenced by an increase of masker bandwidth. This can be explained 
as follows. The inner hair-cell model rectifies the incoming signal. Therefore, for parts of the 
waveform that were negative, the signa) is forced to zero. This leads to the situation, that for 

't=Ü, almost no variance exists in the cross-correlation pattem for an Nlt masker. Since 
central delays are more heavily weighted than non-centra) delays, the uncertainty resulting 
from increasing masker bandwidth does hardly influence the detection thresholds. In Fig. 16, 

the normalized cross-correlation pattem is shown for an Nlt noise masker based on 9 degrees 
of freedom. The standard error of the weighted correlation pattem, is shown in Fig. 17. Note 

that for 't=Ü, there is almost no uncertainty in the correlation pattem. For an N~0 condition, 

however, the cross-correlation pattem is subjected to uncertainty at 't=Ü, as shown in Fig. 19. 
Hence, the magnitude of this uncertainty increases with increasing masker bandwidth, 
resulting in increasing thresholds with increasing masker bandwidth. For both masker noises 

(Nlt and Nr), the correlation function increases if the test signa] S0 is added. However, the 

amount of variance of the cross-correlation function at 't=Ü for an Nlt condition is less than 

for an Nr condition, as explained above. Therefore, the Nr thresholds are higher than the Nlt 
thresholds. 

In the auditory system, auditory nerves show spontaneous activity, even if no signa] is 
present. This spontaneous activity is suppressed on the negative phases of the waveform. 
Therefore, some information conceming the negative parts of the waveform is present in the 
nerve-representation, resulting in smre uncertainty in correlation for centra] delays. This 

could be the rationale for the increasing Nn-50 thresholds from the experiment. 

For narrowband maskers, the mean correlation pattem is hardly influenced by correlation 
pattems from side-band coincidence counters, since almost no energy is present. For wide 
maskers, however, the mean cross-correlation pattem is composed of correlation from all 
filter banks. Therefore, the weight of the cross-correlation function from the on-frequency 
band on the combined cross-correlation pattem decreases with increasing masker bandwidth, 
resulting in increasing thresholds, even at supracritical masker bandwidths. At some point, 
however, thresholds decrease with increasing masker bandwidth. This is due to the fact, that 
the amount of energy in the on-frequency band decreases, while the energy of the test signa) 
remains the same. This results in a higher signal-to-noise ratio in the on-frequency band. 

3.2 Effect of center fraquency 
Generally, the predictions from the model are better at 500-Hz center frequency. At 125-Hz 
center frequency, predictions from the model are lower than the measured thresholds. This 
could be explained as follows. In the auditory system, signals at 500-Hz center frequency are 
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transfonned more effectively through the middle ear than signals at 125 Hz. Therefore, it is 
assumed that internal noise in the auditory system influences low-fre.quency signals more 
than mid-fre.quency signals. However, the internal noise from the model is signal-level 
independent. Therefore, it might be the case, that low fre.quency signals in the model are less 
affected by internal noise than in the auditory system 

In the model, the internal delay necessary to cornpensate for the external delay increases with 
decreasing center fre.quency. Since Ionger internal delays are Iess available than shorter, 
thresholds increase with decreasing center fre.quency. 

3.3 Effect of interaural configuration 

Thresholds from NnS0 and Nr50 conditions are higher than thresholds from NoS1t conditions. 
For an N0 noise masker, the uncertainty in the normalized cross-correlation is zero for 't=Ü. 

Since centra! delays are more heavily weighted than non-centra) delays, this leads to low 
detection thresholds in comparison to Nr50 conditions. If the delay decreases to more centra) 
delays (in the se.quence NrSo. (NoS1t)t12, NoS1t), thresholds decrease with decreasing centrality 
of the highest peak. This is the result of the time window as described in Eq. 12. If the highest 
peak from the correlation pattem is shifted to centra) delays, the uncertainty in the time 
window decreases, resulting in decreasing detection thresholds. 

3.4 The role of compression 
Early experiments without compression of the signa) showed a much greater influence of 
masker bandwidth. Hence, applying compression results in compression of the correlation 
function from the side bands. Therefore, the effect of masker bandwidth, as described in 
section 2.6.1, decreases by applying compression. 

3.5 lnfluence of the number of gammatone filters 
If the cross-correlation output from more gammatone filters is combined into one cross
correlation function, the detection thresholds from the model decrease. On the basis of noise 
statistics, the amount of internal noise on the combined cross correlation pattern halves with 
the square root of the number of gammatone filters involved. Therefore, assuming that the 
internal noise is not correlated, combining several cross-correlation patterns results in an 
increase of signal-to-internal-noise ratio. 

Furthermore, we see that if 1 gammatone filter is used, thresholds start to decrease for 
masker bandwidths that are Iarger than the equivalent masker bandwidth (i.e., 76 Hz at 125 
Hz center fre.quency). If 3 or 5 gammatone filters are used, thresholds increase with 
increasing masker bandwidth for masker bandwidths that are smaller than twice the ERB, 
and decrease with 2 dB/Oct for masker bandwidths that extend twice the ERB. 

3.6 Thresholds at narrow noise bandwidths. 

The correlation-detection model is not influenced by the uncertainty in stimulus energy, since 
normalized correlations are applied. However, the uncertainty in stimulus level is largest for 
small masker bandwidths. The models predictions at very narrow masker bandwidths at 500 
Hz center fre.quency diverge more from the experimental data than at wider masker 
bandwidths. There is no clear cause why thresholds at narrow masker bandwidths are 
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predicted lower by the model. There is a possibility that the binaural system is not able to 
perf orm perfect nonnalization of the cross-correlation pattem. Another reason for the 
discrepancies at narrow bandwidths is that if the amount of internal noise that is applied in 
the model is made low in cornparison with the internal noise in the binaural system, only 
those stimuli that are hardly affected by external noise decrease with decreasing internal 
noise. Since the variance of the cross-correlation function is low at narrow masker 
bandwidths, increasing the level of internal noise will affect thresholds at narrow masker 
bandwidths more strongly than thresholds at wide masker bandwidths. 
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Conclusions 

1. It seem; that binaural detection can be successfully modelled by using the output from 
several filters and coincidence counters rather than one ( optima)) output. The applied 
model can predict binaural thresholds for several different interaural configurations, 
including the influence of center fre.quency, masker bandwidth, interaural delay and 
interaural correlation. However, two typical interaural configurations show a large 
difference between model predictions and experimental data: 

a. Ni$0 conditions at low center fre.quencies. The lack of influence of masker 
bandwidth can be due to the sirnplified inner hair-cell model, as described in 
chapter 5, section 2.6.1. 

b. Thresholds at very narrow bandwidths. Generally, thresholds are predicted 
lower than expected from experimental data. 

2. In the model, the effect of masker bandwidth on binaural detection thresholds is due to an 
increase of uncertainty in correlation rather than an increase of modulation fre.quency. 

3. Across-fre.quency integration reduces the intemal noise that influences the decision 
device. Combining several cross-correlation pattems results in decreasing detection 
thresholds. Furthermore, the effective bandwidth changes by across-fre.quency 
integration. 

4. The inner-hair cell model that is applied here is maybe not usable to predict thresholds 
for out-of-phase noise maskers at low center fre.quencies. Since the model rectifies the 
incoming signal, the uncertainty in the cross-correlation pattem at central delays remains 
very small. 

5. Two sources of uncertainty have been found to intluence the detection thresholds of the 
binaural system: 

• Intemal noise which results from the peripheral coding and the binaural 
processing. 

• The uncertainty in the cross-correlation pattem increases with increasing 
masker bandwidth and is responsible at least in this model, for the increasing 
thresholds with increasing masker bandwidth. 
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6. Longer intemal delays are ccxled by fewer coincidence counters. Therefore, the intemal 
noise which results from the peripheral coding and the binaural processing has a stronger 
influence on binaural information that corresponds to Jonger intemal delays. This results 
in lower signal-to-intemal-noise ratios, which in turn result in higher detection 
thresholds. 

Recommendations 

1. The cross-correlation display model was only marginally tested at high frequencies . To 
evaluate the model at high center frequencies, additional simulations have yet to be done. 

2. Improvement of the applied inner hair-cell model. The cross-correlation model is not able 

to predict the binaural thresholds for N!t maskers at low center frequencies . Spontaneous 
activity, saturation and adaptation have to be taken in account. 

3. Extension of the decision device for n-IFC experiments. 

4. Evaluation of the model for interaural correlation jnds as a function of bandwidth, as 
studied by Gabriel & Colbum (1981). 
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Statistics 

1.1 Pn,pagation of em,r 
We can consider the situation where a response variable, z, is a function of several 
independent measured variables, x1, x2, .... , x0 • Let µ 1, µ2, •••• ~ denote the true values of the 
measured variables. Assu~ that all the measure~nts are accurate and have precisions cr1, 

cr2, ... , cr0 , respectively. We can expand fin a Taylor series about the point (µ1, µ2, .. . ,~). If 
the measured variables have fairly small coefficients of variation, and the second order 
partial derivatives are small or zero at (µ1, µ2, ... ,µJ, then we find (Chatfield, 1983): 

Note that if z=x 1+x2+ . . . +x0 , the partial derivatives are one. 

1.2 The t-test applied to paired comparisons 
If we have k pairs of measure~nts x1j, x2j, (i=l, 2, ... , k) which are independent 
observations from populations with means µ1, µ2• The null hypothesis is that each pair of 
means are equal. 

(for allj). 

Then the diff erences 

(i=l, .. . , k) 

will be a sample size, size k, from a population with mean zero. Furtherrnore, if the 
populations are approximately normally distributed, the differences will also be 
approximately normally distributed. If the observed average of the difference is denoted by d 
and the standard deviation of the observed diff erences by Sct, then the standard error of d is 
given by sJ✓k. We now calculate the test statistic t: 
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If Ho is true, the distribution of t will be a t-distribution with (k-1) degrees of freedom, as the 
estimate sd is calcu1ated from k differences. If we denote the observed value of t by to. the 
level of significance fora two-tailed test is found as follows: 

These probabilities can be found from a table of percentage points of the t-distribution. The 

percentage point ta.v is chosen so that there is a probability of a getting a larger observation t 
from a t-distribution with v degrees of freedom. 

1.3 The Poisson distribution 
An important discrete distribution is the Poisson distribution. The probability distribution of 
a Poisson random variable is given by (Chatfield, 1983): 

-µ r 

P(r)=_e_µ_ 
r! 

The probabilities form a discrete probability distribution. One of the main applications of the 
Poisson distribution is describing the number of 'accidents' which occur in a certain time 
interval, with the knowledge that the probability of an accident occurring in a certain small 
time interval Lit is constant. In the Poisson process, the average number of accidents in timet 

is given µ. An important feature of the Poisson distribution is that the variance is equal to the 
mean, µ. 

1A Transformed up-down methods 
A relatively efficient method of estimating a certain percentage correct level is the simple up
down or staircase method. To obtain the 50% correct level, the stimulus level is decreased 
after a positive response, and increased after a negative response. A recommended procedure 
(Levitt, 1971) is to continue testing until at least six or eight reversals are obtained. 

The incrernents by which the stimulus level is either increased or decreased are referred to as 
steps. A series of steps in one direction only is defined as a run. In the event that little is 
known about either the spread or location of the psychometrie function, then it is 
recommended that at the start of an experiment a large step size is used which gradually 
decreases during the course of the experiment. The average of all peaks and valleys provides 
an estimate of the 50% detection threshold. It is recommended that an even number of runs is 
used to avoid bias. This method of estimation is equivalent to taking the rnid-point of every 
second run as an estimate of the 50% correct level. For an one-up, one-down method, the 
probability at threshold level of a step downwards is pc(x). For a 1-up, 2-down method, two 
correct responses, both with a probability of pc(x) have to be entered in turn. Then the 
probability of a step downwards becomes [pc(x)]2=0.5. Therefore, the probability of a 
positive response (pc) at convergence becornes 0.707. 
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1.5 The Gamma-distribution 
The impulse response of a gammatone filter is the product of a eosine and the gamma 
distribution (Abramowitz & Stengun, 1967): 

-
r(z) = J tz-1 e-1 dt 

0 

The pulse response of a linear bandpass filter can be modelled as a gamma-tone function 
(Johannesma, 1972): 

[ ]

y-1 

g(t)= t~a e-<r-a>trcos[27if(t-a)] 

where 't represents the time constant of the envelope decay of the gammatone, a represents 
the delay of onset, and f represents the center fre.quency. This function has a simple 
approximation in the fre.quency domain (Camey, 1993): 

[ 
1 ]r . G(m) oc ------ e-1wa 

1+ jr(m-mcF) 

The exponential decay, 't has a strong influence of the bandwidth of the gamma-tone filter. 

The value of y was set to 4.0 for all bandpass filters, as suggested by Camey (1993). 
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Signal detection theory 

The signal detection theory assumes that decisions are based upon the value of some intemal 
variable x. The nature of x is not precisely specified. One important point is that its average 
value is monotonically related to the intensity of the stimulus. The second important 
assumption of the theory is that the value of x will fluctuate from trial to trial, even though 
the average value of x will depend on whether a signal is presented. We then see that 
although the average value of x will depend on whether a signal is present or absent, on any 
given trial the observer will never be absolutely sure that a signal bas occurred, because of 
the inherent variability of x. 

A probability density function, f(x), is defined in such way, that the probability of x lying 
between x and x+dx (where dx represents a small change in the value of x) is equal to f(x) 
multiplied by dx. Consider the situation where an observer is given a series of trials, on some 
of which a signal is present and on some of which it is absent. To describe this situation we 
need to specify two probability density functions; one describes the distribution of values of x 
when no signal is present (this is aften denoted by f(x)N), and the other describes the 
distribution of values of x where a signal does occur (aften denoted f(x)sN). It is usually 
assumed that these two distributions are normal, or Gaussian, and that they have equal 
variances. 

For each of these two distributions, the mean value of x corresponds to the peak in the 
distribution, and the separation between the two peaks, denoted by d', gives a measure of the 
separation of the two distributions, and thus of the discrirninability of the signal. 

Furthermore, the theory assumes that the subject establishes a cutoff point corresponding to a 
particular value of x, which we may denote x.,. lf, on any given trial, the value of x which 
actually occurs is greater than Xc, the subject will report that a signal was present; otherwise 
he will report no signal. 

Since the exact nature of x is not specified, we cannot assign a number to Xc. To overcome 

this problem, a new quantity is introduced - the likelihood ratio, 13. This is defined as the ratio 
of the two distributions for a certain x, i.e. as f(x)s~f(x)N. In contrast to d', which gives us a 

pure measure of the discrirninability of the signal, ~ is related to the criterion of the subject 
and gives us a measure of bis degree of caution independent of any changes in sensory 
capability. 




