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62 Simulating normal-hearing listener data 3.1

Objective: A previously developed functional model of auditory pro-
cessing was optimized for the prediction of psychophysical tuning
curves (PTC) and threshold equalizing noise (TEN) test results. The
optimization was performed by adjusting model parameters to im-
prove the agreement between simulated results and normal-hearing
listener data.
Design: The model was used to simulate the normal-hearing psy-
chophysical response of tone in noise masking experiments, using
320-Hz narrowband and TEN[HL] broadband maskers. Evaluation of
the model was based on the predictive value of on-, and off-frequency
masking thresholds.
Study sample: Simulated PTC and TEN[HL] test results were com-
pared to experimentally measured data of five normal-hearing listen-
ers.
Results: The model was optimzed for normal-hearing simulations of
PTC and TEN[HL] test results when the frequency range of detection
was centered at the probe frequency using channels extending a fre-
quency range of at least two octaves (from -1 to +1 octave relative to
the frequency of interest). The predictive value of the model for sim-
ulating off-frequency masking thresholds increased with increasing
channel density. The optimal density (a trade-off between simulation
time and prediction accuracy) was found at 8 channels per equivalent
rectangular bandwidth (ERB).
Conclusions: Using optimized model parameters, the functional
model can simulate normal-hearing listener PTC and the TEN[HL]
test results.

3.1 Introduction

This chapter evaluates a functional model of the auditory system (Jepsen et al.,
2008) for simulation of off-frequency masking experiments in normal-hearing
listeners. The results of this chapter were used in preparation of Chapter 4
”Simulating psychophysical tuning curves in listeners with dead regions” and
Chapter 5 ”Simulating threshold equalizing noise in listeners with dead re-
gions”.

Warnaar and Dreschler (2012) (see Chapter 2) investigated the diagnosis
of dead regions using psychophysical tuning curves (PTCs) and the threshold
equalizing noise test calibrated for dB HL (TEN[HL] test) (Moore et al., 2004).
Their results showed that the diagnosis of dead regions can change as a function
of presentation levels. The data also supported the results of Summers et al.
(2004), who suggested diagnostic disagreements for dead regions between PTCs
and TEN test results in some listeners. In roughly a quarter of the tested listen-
ers the diagnoses based on PTCs and the TEN[HL] test results were different.

The rationale for psychophysical measurement of dead regions proposed by
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3.1 Simulating normal-hearing listener data 63

Moore et al. (2000) is based on two assumptions: (1) a probe tone presented
inside a dead region is perceived by off-frequency listening in regions of the
cochlea with remaining functionality, and (2) the probe is best masked by a
noise centered at regions of the cochlea with remaining functionality. In order
to investigate these assumptions in more detail and explain the level effects and
diagnostic differences between PTCs and TEN test results in dead region diag-
nosis, an independent method is needed to establish the relationship between
the physical implications of a dead region and psychophysical diagnosis of dead
regions. Unfortunately, experimental studies with listeners are not well suited
for establishing such a relationship for a couple of reasons. First, there are no
methods available to directly measure the functionality of cochlear structures
without inflicting damage to the hearing structures of listeners. Second, partici-
pants with severe hearing trauma are likely to have a mixed type of hearing loss,
such as IHC loss with additional OHC loss (Liberman & Dodds, 1984). Mixed
hearing losses make it difficult to attribute psychophysical effects to specific
types of hearing loss. And third, listeners with identical mixtures of hearing
loss and dead regions are rare, making acquisition of data for a statistical study
problematic.

Modern models of the auditory system are well equipped for investigating
level effects and this allows a further analysis of diagnostic differences between
PTCs and the TEN test results in dead region diagnosis. Models have shown
to be able to simulate many types and degrees of hearing-impairment and can
predict results for many types and numbers of input stimuli. However, model
predictions should always be tested by comparison with listener data to assess
the scientific relevance. Model predictions for the PTC and TEN test results
are based on the simulation of a psychophysical response to a realistic input
stimulus. In order to compare with listener data, the model is required to
simulate:

1. A psychophysical response to acoustic stimuli. In particular, being able to
simulate a detection task of a pure-tone probe in narrowband and broadband
masking noise.

2. Detection of a probe at frequencies other than the frequency of the probe,
i.e. off-frequency listening.

3. Masking of off-frequency listening.

Several models have been proposed that are capable of simulating the au-
ditory system response for a number of auditory features (Dau et al., 1996a;
Plack & Oxenham, 1998; Plack et al., 2002; Jepsen et al., 2008). The Com-
putational Auditory Signal Processing and perception (CASP) model of Jepsen
et al. (2008) is capable of simulating the normal-hearing psychophysical re-
sponse and has been successfully applied to a variety of masking experiments.
The sections below address the behavior of the CASP model in relation to the
model requirements and evaluate the model predictions against normal-hearing
listener data. Model parameters were adjusted to optimize the model for sim-
ulating diagnosis of dead regions. The optimized parameters were used in the
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64 Simulating normal-hearing listener data 3.2

simulations of PTCs and TEN[HL] test results presented in chapters 4 and 5,
respectively.

3.2 Simulating a psychophysical response

Psychophysical experiments such as PTCs and the TEN test are based on the
principle of detecting a pure-tone (probe) in masking noise (masker). Depending
on the applied method, the listener is presented alternatingly stimuli containing
masker only and stimuli containing masker plus probe. The task of the listener
is to identify the stimuli with a probe. The difficulty of the task is increased
by increasing the level of masker, or reducing the level of the probe. When
the listener is just able to discern the stimuli with probe from stimuli with
masker only the task is said to have converged to a masked threshold. The
auditory system of a listener has a finite resolution to resolve the detection
task. Effectively, the listener has a chance of detecting the probe that decreases
when the difficulty of the task is increased. Probes presented at a clearly audible
level, i.e. at suprathreshold level, have a (near) 100 % chance of detection. At
masked threshold the chances of detecting the probe are somewhere between
guessing chance and 100 %, typical probabilities are 50 and 75 %, depending
on the procedure and methods to converge to the masked threshold.

The CASP model (Jepsen et al., 2008) is an extension of a model described
by Dau et al. (1996a). It makes use of internal model representations of different
stimuli, an optimal detector and a decision device to simulate a psychological
response to physical stimuli (Dau et al., 1996a). In a fashion similar to present-
ing a clear target cue to a listener in a psychophysical experiment, the model
stores a template of the target stimulus. The template is created by taking the
difference between the internal model representations of a suprathreshold target
stimulus (masker plus a probe at sufficient level to be clearly audible) and a
reference stimulus (masker only). The template is cross-correlated with the dif-
ference between internal model representations of a test stimulus (masker and
probe) and a reference stimulus (masker only). The optimal detector calculates
the probability of detecting the probe based on the cross-correlation between
template and test stimulus. The decision device of the model is used to calculate
a psychophysical response (detected or not detected) based on the probability
of detection. For more details see Appendix A.

The decision device can be used in two modes: a soft detection criterion
mode and a hard, or step-wise, criterion mode. In soft criterion mode, the deci-
sion device simulates the probability of detection. In hard criterion mode, the
probe is detected when the probability exceeds a predefined chance of detection.
While the soft criterion approach is more realistic by simulating the stochastic
behavior of the psychometric function, the hard criterion approach was used
for all simulation presented in this thesis. The choice for a hard criterion was
based on practical considerations. With step-wise detection criteria the detec-
tion uncertainty was determined only by the random behavior of the test stimuli
(masker in particular) and a controllable internal noise of the model simulations.
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3.2 Simulating normal-hearing listener data 65

As a result, simulations converged faster and the simulated masked threshold
was less dependent on the number of presentations. The internal noise was cho-
sen such that the resolution of simulation corresponded well to the psychometric
function of listeners.

Figure 3.1. Probability density function for a detection task. The dark and light
gray areas represent the masker and masker plus probe, respectively. The distance
d’ represents the level difference between masker and masker plus probe. When the
detection difficulty of task is increased by increasing the masker level (in case of
measuring PTCs) or the probe level is reduced (TEN test), the level difference d’
becomes smaller. The masked threshold in a 3AFC experiment corresponds to a level
difference d’ equals 1.16σ. In an audiometric setup the masked threshold corresponds
to d’ equal 0.95σ.

The probability of the detection can be written as a function of the level
difference between masker plus probe and maskera, d’, the variance of the distri-
butions, σ2, as shown in Fig. 3.1, and also the number of observation intervals.
Model simulations were performed with a three-alternative forced choice (3AFC)
method and a 2-up 1-down (PTCs) or 1-up 2-down (TEN test) procedure. Ac-
cording to Levitt (1971), the masked threshold with this method converges to
d’(3AFC) equals 1.16 times the standard deviation of the distributions σ with
a detection probability of 71 %. In case of TEN test results, which has been
designed for measurements with an audiometric method, the masked threshold
converges when the S:N ratio is 1 (Patterson & Moore, 1986), e.g. when the
level of masker plus probe is 3 dB higher than the level of the masker, with a

aIn order for the distance d’ to correspond with the relative levels of test stimuli without
probe and test stimuli with probe, it is assumed that the masking threshold corresponded to
a S:N ratio of 1, and standard deviations σm and σm+p were equal.
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66 Simulating normal-hearing listener data 3.3

detection probability of 50 %. The value of d’ for an audiometric measurement
at masking threshold can be calculated using equation 3.1, with (µs - µn) = 3
dB and an approximated variance of the psychometric function σ2 of 10 dB:

d’(audiometry) =
(µs − µn)√
1
2 (σ

2
s + σ2

n)
=

(µs − µn)

σ

=
3√

10 dB
= 0.95

(3.1)

The difference in masked thresholds between the two methods is estimated by:

∆ masking threshold = σ · (d’(3AFC) − d’(audiometry))

=
√
10 dB · (1.16 − 0.95) = 0.7 dB

(3.2)

Hence, masker stimuli were lowered by 0.7 dB when measuring with a 3AFC
method and a 2-up 1-down or 1-up 2-down procedure to compensate for the
shift of masked threshold.

Furthermore, the TEN was calibrated to dB SPL for simulation purposes.
The TEN[HL] test is normally presented in an audiometric setup through a
calibrated audiometer-headphones combination. Calibration in audiometry is
typically performed by adding the reference equivalent threshold sound pressure
levels (RETSPL) for circumaural earphones (ISO 389-8:2004(E)) to the coupler
to eardrum difference (C/E), i.e. RETSPL + C/E. The CASP model, on the
other hand, expects input stimuli calibrated in dB SPL. The TEN[HL] was re-
calibrated for the model using the average of RETSPL + C/E and the standard
minimum audible pressure at the eardrum for monaural listening (MAP). The
MAP conversion from dB HL to dB SPL (Killion, 1978) is slightly different
from the conversion with RETSPL + C/E. However, the differences between
RETSPL + C/E and MAP are relative small (< 2 dB), and the TEN[HL] was
originally produced in a similar fashion by converting TEN[SPL] to dB HL us-
ing the average transformation function of the two calibration methods (Moore
et al., 2004).

3.3 Simulating off-frequency listening

The frequency-analysis mechanism of the hearing system can be regarded as
an array of auditory filters (see Fletcher (1940) for the original concept of the
critical band; see Patterson and Moore (1986) for the later evolution to the
auditory filter concept). The frequency information of stimuli, such as the
signal-to-noise ratio, are defined and analysed within individual auditory filters.
Patterson and Nimmo-Smith (1980) have shown by using notched-noise masking
experiments that off-frequency listening can improve the signal-to-noise ratio by
using off-frequency auditory filters. Dau et al. (1996a) suggested to simulate
off-frequency listening in a functional model of the auditory system, such as the
CASP model, by using a multichannel filterbank setup as is shown in Fig. 3.2.
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3.3 Simulating normal-hearing listener data 67

Figure 3.2. The DRNL filterbank of the CASP model simulates the transformation of
stapes movement to BM vibrations. Channels with different characteristic frequencies
in the filterbank are used to simulate off-frequency listening, as illustrated by the right
side of the figure. A probe with frequency fprobe is masked by a noise with frequency
fmasker. While the on-frequency channel 2 is most sensitive to the probe, channel 1
has a higher probability of detection because it has a higher signal-to-noise ratio.

A channel of the dual-resonance non-linear (DRNL) filterbank (Meddis et
al., 2001) in the CASP model simulates the vibration response of the BM to
acoustic stimuli. A channel is most responsive to its characteristic frequency,
but also responds to neighboring, off-frequency, frequencies. A filterbank with
multiple channels with different characteristic frequencies offers the possibility
of using off-frequency channels to detect stimuli. The channel with the most
likely probability of detection, usually with the highest signal-to-noise ratio,
contributes most to the masked threshold.

In PTCs, the masked threshold of a probe in narrowband noise is measured
as a function of masker frequency. Masked thresholds at various frequencies
are connected to shape the psychophysical tuning curve. In normal-hearing
listeners, the lowest masked threshold of a PTC, or tip, is found at the frequency
of the probe. The results of the notched-noise experiments of Patterson and
Nimmo-Smith (1980) suggest that masked thresholds in the skirts of PTCs are
affected by off-frequency listening. Off-frequency listening improves the signal-
to-noise ratio, which makes it necessary to present maskers at higher levels to
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68 Simulating normal-hearing listener data 3.3

provide sufficient masking of the probe.

Figure 3.3 shows simulations of a normal-hearing PTC with a probe pre-
sented at 30 dB SPL and 1000 Hz. Simulations with a single DRNL channel
show a broad PTC tip around the probe frequency with a minimum slightly
below the frequency of the probe. Maskers presented at frequencies just be-
low the probe frequency and on-frequency maskers produced equal masking of
the probe due to strong upward spread of masking in DRNL channels (Meddis
et al., 2001; Lopez-Poveda & Meddis, 2001). On the other hand, simulation
with multiple channels show a PTC tip at the frequency of the probe. Masked
thresholds in PTC skirts are higher in simulations with multiple channels than
in simulations with a single channel (Moore et al., 1984).
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Figure 3.3. Simulations of a normal-hearing PTC with a probe fixed at 30 dB SPL
and 1000 Hz. Raw data points are represented by open circles. The thick solid lines are
rounded exponential (roex) fits to the raw data points. The black PTC represents the
simulated results modeled with a single DRNL channel. The gray PTC is simulated
when using a filterbank with channels ranging between -1 and +1 octave of the probe
frequency, i.e. between 500 and 2000 Hz.

The skirts of a PTC were analyzed in more detail by comparing the tuning
shape of PTCs. Tuning can be measured in terms of a quality factor. The qual-
ity factor is defined as the tip frequency divided by the bandwidth of the curve.
The normalization of frequency makes it possible to compare tuning between
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3.3 Simulating normal-hearing listener data 69

PTCs with different tip frequenciesb. The quality factor can be calculated as a
function of level above the PTC tip:

tuning → Qlvl =
Ftip

wlvl
(3.3)

where Qlvl representing the quality factor at level, lvl, in dBs relative to the
PTC tip level, Ftip the tip frequency, and wlvl the frequency difference between
the upper-, and lower skirts at level, lvl, above the tip level. The frequency
difference is, for an orthogonal analysis of the lower-, and upper skirts, divided
into a lower-, and upper frequency width, respectively wlvl,low and wlvl,up:

wlvl = wlvl,low +wlvl,up (3.4)

Off-frequency listening in the CASP model was validated by comparing sim-
ulated PTC tuning with a single channel and a filterbank of channels to normal-
hearing listener data. The results are presented in Fig. 3.4, using Q−1

lvl repre-
sentation as defined in Eqs. (3.5) and (3.6) for the lower-, and upper skirts,
respectively, for easy comparison to PTCs:

Q−1
lvl,low = −wlvl,low

Ftip
= −Ftip − Flvl,low

Ftip

≈ roexlvl,low − Ftip

Ftip

(3.5)

Q−1
lvl,up =

wlvl,up

Ftip
=

Flvl,up − Ftip

Ftip

≈ roexlvl,up − Ftip

Ftip

(3.6)

where roexlvl,low and roexlvl,up the frequency of a rounded exponential fit at
level, lvl, above the tip level of the lower-, and upper skirts, respectively.

The left panel shows normal-hearing listener PTCs measured with a probe
presented at 1000 Hz and 30 dB. Tip levels and the PTC tuning varied between
listeners. In the middle panel, the measured PTCs are presented as a function of
quality factors Q−1

lvl,low and Q−1
lvl,up. The tuning variation between listeners was

calculated for one standard deviation uncertainties and is plotted as gray areas
in the middle and right panels. The right panel shows simulated tuning results
for Q−1

lvl,low and Q−1
lvl,up with a single DRNL channel (dashed lines) and a DRNL

with a filterbank of channels (solid lines). Several observation can be made
based on a comparison between simulated results and the variation of normal-
hearing listeners. Simulations with a single channel underestimate tuning in the
lower and upper skirts of the PTC. Masked threshold in the skirts are simulated
below masked thresholds measured in normal-hearing listeners. Simulations

bComparing PTC independent of tip frequency is particularly useful when applied to PTCs
with shifted tip frequencies, e.g. in dead region data, see Chapter 4.
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with a filterbank of channels show a better correspondence to normal-hearing
listener data. Masked thresholds were simulated at higher levels in PTC skirts,
and tuning was simulated within one standard deviation uncertainty of normal-
hearing listener data. Only at the lower end of the lower skirts, the filterbank of
channels simulated masking threshold below the normal-hearing listener data.
This can be explained by the reduced masking effectiveness of the 320 Hz masker
using to measure PTCs (see section 4.4.1). The uncompensated results are
shown because the reduced masking effectiveness was not compensated in for
other simulations of PTCs in this thesis. We conclude that the CASP model
with multi-channel DRNL makes better use of increased signal-to-noise ratios
to detect the probe.

Figure 3.4. Comparing PTC tuning between listener data and simulated results.
The panel on the left shows PTCs that were measured in five normal-hearing listeners.
The middle panel shows from left to right the corresponding reciprocal quality factors
Q−1

lvl,low and Q−1
lvl,up for the PTCs measured in normal-hearing listeners. The gray

areas in the middle and right panels indicate variation in Q−1
lvl,low and Q−1

lvl,up between
listeners with one standard deviation uncertainties. The right panel shows model
simulations in comparison to the uncertainty areas of normal-hearing listener data.
Dashed gray lines in this panel represent modeled data simulated with a single DRNL
channel. Solid black lines represent modeled data simulated with a filterbank of DRNL
channels.

3.4 Simulating masking of off-frequency lis-
tening

The characteristic frequency of DRNL channels in the CASP model are adapted
to optimize the detection tasks in PTCs and the TEN test. Typically, the fre-
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quency of the probe is used as a base frequency for the construction of the fil-
terbank. A channel is placed such that its characteristic frequency corresponds
to the base frequency. Additional channels are placed at frequency intervals of
one channel per equivalent rectangular bandwidth (1/ERB) from the base fre-
quency. The previous section showed that information in off-frequency channels
is used to simulate masked thresholds in the skirts of PTC for normal-hearing
listeners. In hearing-impaired listeners the construction of the filterbank can
be more complicated. First, the place of detection may not correspond with
the probe frequency. Second, channels in regions of hearing-impairment have
reduced functionality and may not provide the same level of off-frequency lis-
tening information. A relatively sparse channel density can, therefore, lead to
missing off-frequency listening information in the model, if this information is
presented between channels. This section investigates how the placement of
channels in the DRNL filterbank affects the simulated masked thresholds in
PTCs and TEN test results.

The hypothesis that the placement of channels in the DRNL filterbank has
an effect on simulated masked thresholds was tested by simulating PTC tips
as a function of base frequency. Figure 3.5 shows simulated normal-hearing tip
levels as a function of base frequency for constructing the DRNL filterbank.
The channel density was set to one channel per ERB (1/ERB). Tip levels are
shown for base frequencies between 920 and 1080 Hz. The lowest tip level was
simulated at 30.5 dB with an on-frequency base frequency of 1000 Hz. The
highest tip level was simulated at 33.5 dB with a base frequency of 920 Hz.
The tip level difference of 3 dB between the two extremes corresponded with
the level, relative to maximum response of a channel, at which two neighboring
channels overlap. The simulated tip level oscillated between the two extremes
as a function of base frequency with a period equal to one ERB (∼133 Hz). For
example, the tip level were roughly the same between simulations with a base
frequency of 920 and 1060 Hz, and between simulations with a base frequency
of 960 and 1080 Hz.

The periodic effect of channel placement on simulated masked thresholds
can also be visualized in model results of the TEN[HL] test. Figure 3.6 shows
simulated normal-hearing masked thresholds for probes presented at frequen-
cies between 1000 and 4000 Hz in TEN[HL] presented at 30, 50 and 70 dB
HL/ERBN . The DRNL channels were calculated with a fixed base frequency at
1000 Hz and, represented in the left panel, a channel density of 1/ERB. At all
frequencies and levels masked thresholds oscillated as a function of probe fre-
quency between increased thresholds and decreased thresholds with a frequency
corresponding to one ERB. The difference between extremes ranged between 5
and 10 dB, depending on level and frequency. Local maxima in masked thresh-
olds were found at frequencies just above the characteristic frequency of DRNL
channels.

Simulations that are independent of base frequency are essential for predic-
tions of PTCs and TEN test results in hearing-impaired listeners. In hearing-
impaired listeners the frequency of detection is unknown prior to measurements.
In addition, it is difficult to investigate level effects in dead region diagnosis by
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Figure 3.5. The simulated PTC tip as function of base frequency of the DRNL
filterbank. The base frequency was increased between 920 and 1080 Hz. The base
frequency is indicated with numbers in Hz, and progressively light gray colors.

means of modeling when simulations of PTCs and the TEN[HL] test results are
affected by the placement of DRNL channels.

In an attempt to reduce the dependency of channel placement on simulated
masked thresholds, the channel density was increased to 2, 4 and 8 channels
per ERB. An increased density increases the overlap of channels and reduces
gaps between channels. The results of simulating TEN[HL] test results with a
channel density of 8 channels per ERB and fixed base frequency at 1000 Hz are
shown in the right panel of Fig. 3.6. A periodic oscillation of simulated masked
thresholds is still present. However, the amplitude of the oscillation is reduced
to the level of uncertainty in measurements for nearly all frequencies and levels.
A further increase of channel density improved the results even more, but came
at the cost of an increasing simulation time. A channel density of 8/ERB was
found to be an optimum between accuracy of predicting masked thresholds and
the number of repetitions of the experiment, i.e. simulation time.

An increase of channel density leads to multiple overlapping channels. The
chance of detection may be increased as a result of probability summation (Gra-
ham et al., 1987). In theory, each channel is probabilistically independent and
has a certain probability of detection, which leads to an increase of detection
probability in the compound of all channels. Section 3.2 showed that the prob-
ability of each channel depends only on the stochastic behavior of the masker
and the internal model noise, when using hard detection criteria. The effects
of the stochastic behavior of the masker were reduced by taking the average
of 10 independently created templates for the reference stimulus. The effects
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Figure 3.6. Simulated TEN[HL] test results for a normal-hearing listener. The
results presented in the left panel were simulated with a DRNL channel density of
1/ERB and fixed based frequency of 1000 Hz. The arrows indicate the characteristic
frequencies of DRNL channels. The right panel shows the same simulations with an
increased DRNL channel density of 8/ERB.

of stochastic masker behavior in the test stimulus were neglected for several
reasons. First, each simulated masked threshold was based on an average of
several turnarounds in the up-down procedures. Second, each simulation was
repeated 10 times before being compared to listener data. And third, it was
assumed that no more than two channels had an equal detection probability. As
a result, there was no need to compensate probability summation in the model
by adjustment of the internal noise in the model.

However, the cross-correlation normalization between template and signal
stimuli was modified to compensate for changes in the number of DRNL chan-
nels (see Appendix ‘Using the CASP model’).

3.5 Conclusions

The validation of the CASP model for psychophysical masking experiments has
resulted in the optimization of several parameters of the model. The parameters
were used to optimize simulations of PTCs and TEN[HL] test results to be
presented in the following chapters.

Modification of the CASP model can be summarized by:
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• The CASP model uses a step-wise (hard) detection criterion to simulate the
psychophysical response of listeners,

• Masker stimuli were lowered by 0.7 dB when administered using a 3AFC
method and a 2-up 1-down or 1-up 2-down procedure,

• The TEN[HL] was spectrally calibrated using the average of RETSPL +
C/E and MAP to create TEN[HL] in dB SPL for input of the model,

• The DRNL filterbank of the CASP model used at least two octaves of chan-
nels. The range of channels extended from -1 to +1 octave relative to probe
frequency and frequency of most likely detection. The most likely frequency
of detection corresponded to the probe frequency in normal-hearing listeners,
and the simulated edge frequency of an impaired region in hearing-impaired
listeners,

• The DRNL channel density was increased to 8 channel per ERB (8/ERB),

• The internal noise of the model was not adjusted to compensate for increased
channel density. The effects of probability summation were found to be less
than 1 dB.


