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Summary

A term roughness is often used in conjunction with acoustic stimuli whose envelope or frequency

rapidly �uctuates in time. It was �rst introduced by von Helmholtz to describe harsh, rattling and

often unpleasant sound sensation usually accompanying these stimuli. This study introduces a com-

putational roughness model which objectively measure an amount of the perceived roughness. The

roughness model contains an auditory model transforming the input acoustic stimulus into the sim-

ulated neural signal. The perceived roughness is calculated from time envelope of the transformed

signal. The predicted roughness is compared with subjective results published in literature. The model

successfully predicts roughness of sinusoidaly amplitude modulated (SAM) and sinusoidaly frequency

modulated (SFM) tones. It can predict the perceived roughness when relative phase between spectral

components of sound stimuli is changed and the perceived roughness of unmodulated bandpass noise.

PACS no. 43.66.Lj, 43.66.Ba

1. Introduction

Spectral components of the acoustic stimuli may pro-
duce beats on the basilar membrane (BM) when they
fall into the same critical band. The beats of a fre-
quency between 20 and 300Hz cause a harsh and rat-
tling sound sensation which von Helmholtz described
by a term roughness [1]. The dependence of rough-
ness on the parameters of various types of acoustic
stimuli (e.g. on the modulation frequency of sinu-
soidally amplitude modulated (SAM) tones) has been
investigated in the last decades by means of listen-
ing tests [2, 3, 4, 5]. It was proposed that rough-
ness is linked to envelope �uctuations after auditory
�ltering [1, 4, 6]. This proposal led to the develop-
ment of roughness models estimating roughness from
the signal after �ltering [8, 9, 10, 11]. Pressnitzer
and McAdams [4] estimated roughness of stimuli with
temporally assymetrical envelopes. They concluded
that not only rms value but also the shape of the
envelope after auditory �ltering have to be taken into
account to predict roughness. An abrupt raise and
slow decay of the signal envelope after auditory �ltra-
tion was observed in the stimuli of higher roughness.

A model estimating roughness not just from the
rms value of the envelope after auditory �ltering as
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some of the roughness models do but also from dura-
tion of the rising part of the envelope is introduced
in this study. Since the auditory �ltering is essential
for the roughness perception, a model of the basilar
membrane (BM) response and cochlear hydrodynam-
ics was used in the roughness model. Roughness pre-
dicted by the model is compared with the results of
listening tests published in literature.

2. Roughness model

2.1. Peripheral stage

The auditory model is composed of an outer- and
middle-ear model, a cochlear frequency selectivity
model and an inner hair cells (IHCs) model (see
Fig. 1)

2.1.1. Outer- and middle-ear model

The outer and middle-ear model simulates transduc-
tion of the sound pressure waveform to the stapes
displacement. The used model was developed in the
Essex Hearing Laboratory as a part of the Matlab
Auditory Periphery (MAP) [12]. The model version
MAP1.14 was used. The model is composed of three
1st-order Butterworth �lters. The �rst �lter has a
lower and higher a cut-o� frequency of 1 kHz and
4 kHz, respectively. It approximates the transfer func-
tion of the auditory canal. The middle-ear transfer
function measured by Huber [13] is approximated by
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Figure 1. The auditory model diagram

a low-pass �lter with a cut-o� frequency of 50Hz and
a high-pass �lter with a cut-o� frequency of 1 kHz. A
scalar of 45× 10−9 is applied after the �lters.

2.1.2. The Cochlear model

The second block of the auditory model is a model
of the BM response and cochlear hydrodynamics de-
signed by Mammano and Nobili [14, 15]. You can
download a time domain Matlab (Mathworks) im-
plementation of the model from this website [16]. It is
a two dimensional model designed with the realistic
dimensions of the human cochlea and BM. The BM is
modeled as an array of 300 oscilators. Characteristic
frequencies of the oscillators are distributed between
27 and 16 875Hz. An author of this study decreased
damping of the oscillators in order to increase the fre-
quency selectivity of the cochlear model. The output
signal of the model represents the BM displacement.

2.1.3. The inner hair cell model

The IHC model transforms the BM displacement
in each channel of the cochlear model to the prob-
ability of spike generation in the auditory nerve
�ber. This process consists of successive steps. Each
step is modeled by algorithms implemented in MAP
(MAP1.14) [12]. The BM displacement is transmitted
to the displacement of the IHC cilia. This transduc-
tion is modeled by an algorithm designed by Shamma
et al. [17]. The algorithm is followed by two algorithms
of Sumner et al. [18]. The �rst algorithm simulates
a change of the apical conductance of the IHC for
ions. The second algorithm simulates a change of the
membrane potential caused by a change of the IHC
apical conductance. The membrane potential a�ects
a fraction of open ion channels for calcium ions. The
concentration of calcium ions in the cell controls the
release of neurotransmitter into the synaptic cleft. Al-
gorithms modeling the calcium concentration in the
IHC were designed by Meddis [19]. The release of
neurotransmitter into the synaptic cleft may lead to
a generation of action potential in the auditory nerve
�ber. This process is modeled by a probabilistic model
designed by Meddis [20].

Figure 2. Block diagram of the central stage of the rough-
ness model
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Figure 3. The top panel: The solid line is a time course
of the auditory model output signal in a channel of CF
= 1kHz in response to a 100%, 1-kHz SAM tone modu-
lated with a modulation frequency of 70Hz. The dashed
line is the signal envelope. The bottom panel: The enve-
lope signal from the upper plot smoothed by a 2nd-order
Butterworth �lter. The tick lines are raised parts of the
smoothed envelope from which are extracted the modula-
tion features Tenv and Eenv used to estimate roughness.

2.2. Central stage

The central stage of the roughness model processes
the output signal of the auditory model and predicts
roughness of the analyzed sound stimuli. A block di-
agram of the central stage is in Fig. 2.
The �rst block calculates envelope of the signal in

each of 300 channels of the auditory model. The algo-
rithm detects peaks in the time course of the output
signal and interpolates it by a cubic spline function.
Fig. 3 (solid line in the top panel) shows a signal from
the model output channel (CF = 1kHz) obtained in
response to a 100% AM tone of a frequency of 1 kHz,
a level of 60 dB SPL and a modulation frequency of
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Figure 4. Transformation function f() applied to the mod-
ulation feature Tenv.

70Hz. The dashed line in the same panel represents
the signal envelope calculated as a cubic spline inter-
polation of peaks detected in the signal �nestructure
(peak of each half-wave of the model output signal).
The bottom panel of Fig. 3 shows the signal envelope
�ltered by a 2nd-order Butterworth �lter with a cut-
o� frequency of 90Hz. This �lter assures the decrease
of roughness for the modulation frequencies above ap-
prox. 70Hz as was observed in the listening tests [5].
The second block of the central stage decreases a num-
ber of channels from 300 to 156. The block averages
the signals in adjacent channels with of CFs within a
range of 1/4 of ERB given by ERB = 24.7(4.37fc+1)
where fc is the auditory �lter center frequency in
kHz [21]
The block called modulation features extracts two

features from the envelope signal in each channel k.
It is a time length of the raising part of the enve-
lope, Tenv(k), and a di�erence between the minimal
and maximal value of the raising part of the envelope,
Eenv(k) (see the bottom panel of Fig. 3). Root mean
square (RMS) values are calculated in each channel
and only the channels with RMS values higher than
half of the maximal RMS value across all channels are
fed to the subsequent block called calculation unit es-
timating roughness. Narrow band stimuli, e.g. SAM
tones, excites also the model channels of CF higher
than the frequency of the highest spectral component
of the stimuli. A modulation depth of the envelope
�uctuations in these channels is very high even for
the envelope �uctuations of higher frequencies. Re-
moving these channels from the roughness estimation
helped to predict the bandpass dependence of rough-
ness on the modulation frequency for SAM tones of
frequencies bellow 1 kHz.
The calculation unit estimates roughness from the

maximal values of the detected modulation features
multiplied by a 10ms Bartlett window as is given by

(1)
R(t) =

156∑
k=1

maxτ [w(n)Fsat(τ, k)E
1.5
sat(τ, k)]

n ∈ [0, T ], τ ∈ [t, t+ T ]

where Fsat(k) = f(2/Tenv(k)), the function f() trans-
forms the time length of the raising part of the en-
velope (see Fig. 4), Esat is a value of Eenv(k) lim-
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Figure 5. The dependence of roughness of SAM tones on
the modulation frequency. The subjective data [5] are plot-
ted as dashed lines. The model predicted data as mark-
ers connected by solid lines. The data were obtained with
tones of a level of 60 dB SPL, a tone frequency given in the
upper right corner of each panel and a modulation index
of 1.
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Figure 6. Roughness of a SAM tone of a frequency of 1 kHz
and level of 60 dB SPL plotted as a function of the mod-
ulation index. The dashed line represents the subjective
data taken from [5]. The circles connected by solid lines
represents the predicted roughness data.

ited not to exceed a value of 220. The limitation
of Eenvdecreased roughness at low modulation fre-
quencies emphasized by the low-pass �lter in the sec-
ond block. The function f() assured that the rough-
ness did not increased for the modulation frequencies
above 70Hz. Parameters of the central stage were set
experimentally to predict the bandpass dependence
of roughness on the modulation frequency for SAM
tones [5]. The maximal value of R(t) across time is
taken as the estimation of roughness.
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Figure 7. Roughness of pAM tones. The top panels represent the subjective data taken from [4]. The bottom panels
represent the data predicted by the roughness model.

3. Model predictions of roughness

3.1. Roughness of sinusoidally amplitude

modulated tones

3.1.1. Dependence on the modulation frequency

Subjective data of roughness of SAM tones were taken
from the Fastl and Zwicker's book [5] (the data were
measured by Aures [22]). The roughness of the SAM
tones in apers is plotted as a function of the modula-
tion frequency (dashed lines in Fig. 5). Roughness of
1 asper is de�ned as the roughness of a 100% SAM
tone of a frequency of 1 kHz, a level of 60 dB SPL and
a modulation frequency of 70Hz. The markers con-
nected by solid lines represent the predicted rough-
ness data. The data for each tone frequency were nor-
malized by its maximal value and multiplied by the
maximal value of the subjective roughness for the cor-
responding tone frequency. The scaling was done for
each tone frequency separately because the predicted
roughness data did not �t quantitatively with the sub-
jective data.

3.1.2. Dependence on the modulation index

The dependence of roughness of a SAM tone on the
modulation index is depicted in Fig. 6. The dashed
line shows the subjectively measured roughness of a
1 kHz, 60 dB SPL SAM tone modulated with a mod-
ulation frequency of 70Hz. The data in aspers were
taken from the book of Fastl and Zwicker [5]. The
markers conected by solid lines represent the data
predicted by the roughness model. The data were nor-
malized by its maximal value and multiplied by the
maximal subjective value.

3.2. Roughness of pseudo amplitude modu-

lated tones

When the starting phase of the carrier of SAM tones
is manipulated and the starting phases of the side
band components are set to 0, pseudo amplitude
modulated (pAM) tones are created. Pressnitzer and
McAdams [4] observed the dependence of roughness of
pAM tones on the starting phase of the carrier (top
panels of Fig. 7, the circles are for the positive val-
ues of φ, crosses are for the negative values). They
used the Bradly-Terry-Luce (BTL) method to con-
struct a psychophysical scale from the paired compar-
ison judgments. The method does not allow to quan-
titatively compare the subjective and predicted data.
The model predictions are plotted in the bottom pan-
els. The predicted data were normalized by the maxi-
mal roughness for each carrier frequency. A frequency
of the stimuli is indicated in the upper left corner of
each panel. A level of the stimuli was 60 dB SPL.

3.3. Roughness of Sawtooth and Reversed

stimuli

Roughness of AM tones with the �sawtooth� envelope
was measured by Pressnitzer and McAdams [4]. The
psychophysical scale was again constructed by means
of the BTL method. Stimuli with an abrupt increase
and slow decay of the envelope were rougher (the cir-
cles in the top panels of Fig. 8) than the same tempo-
rally reversed stimuli (slow increase and abrupt decay
of the envelope, the crosses in the top panels of Fig. 8).
The bottom panels show roughness predicted by the
roughness model. The data were normalized by the
maximal roughness for each carrier frequency. A fre-
quency of the stimuli is indicated in the upper right
corner of each panel. The level was 60 dB SPL.
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Figure 8. Roughness of AM tones with sawtooth and re-
versed envelope. The top panels represents the subjective
data taken from [4]. The bottom panels represents the
data predicted by the roughness model.
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Figure 9. Roughness of FM tones. The crosses connected
by dashed lines represent the subjective roughness taken
from [7]. The circles connected by solid lines are the rough-
ness model predictions. The left panel shows the rough-
ness dependence on the frequency deviation (modulation
index). The right panel shows the dependence on the mod-
ulation frequency.

3.4. Roughness of frequency modulated

tones

Kemp [7] used the method of magnitude estimation
to measure roughness of FM tones. Fig. 9 shows me-
dians and quartiles of the Kemp's data (the crosses
connected by dashed lines). The left panel shows the
dependence of roughness of a 1.6 kHz, 60 dB SPL SFM
tone modulated with a modulation frequency of 70Hz
on the frequency deviation (modulation index). The
right panel shows the dependence of roughness of the
same SFM tone on the modulation frequency. The
tone was modulated with the frequency deviation of
800Hz. The data predicted by the roughness model
are plotted as the circles connected by solid lines.
Each predicted data set was normalized and multi-
plied by a value of 100 to give roughness equal to 100
for the frequency of 800Hz (data in the left panel)
and the modulation frequency of 70Hz (data in the
right panel).
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Figure 10. Roughness of unmodulated bandpass noise. The
circles connected by dashed lines are medians and quartiles
of subjective data taken from [8]. The squares connected
by solid lines are medians and quartiles from ten model
predictions of roughness.

3.5. Roughness of unmodulated narrowband

noise

Subjectively measured roughness data of unmodu-
lated noise were taken from Aures [8]. The circles con-
nected by dashed lines represents medians and quar-
tiles of the subjective data. The squares connected
by solid lines represent medians and quartiles calcu-
lated from ten repeated roughness estimations con-
ducted with the roughness model. The predicted data
were normalized by its maximal values of roughness
for each data set and multiplied by the corresponding
maximal value of the subjective roughness.

The model failed to qualitatively predict roughness
of the noise stimuli. Moreover the predicted roughness
for the noise centered at 1 kHz expressed in aspers was
higher than the subjective data (approx. 0.7 aspers for
the bandwidth of 70Hz). This can be partly connected
with saturation observed in the roughness predictions
for the roughness dependence on the modulation in-
dex of a SAM tone (see Fig. 6. It can also mean that
the features used to predict roughness do not give all
necessary information to calculate roughness. Daniel
and Weber's model predicted roughness of the band-
pass noise stimuli. The Leman's model predicted in-
creasing roughness with increasing bandwidth of the
stimuli as well as the presented roughness model.

4. E�ect of cochlear model

The roughness model was designed with the Nobili's
cochlear model. Two other types of models which are
more e�ective in terms of its computational demands
were also tested. Both were �lterbank models, one
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was composed of a bank of gammatone �lters [23],
the other was composed of a bank of dual resonance
nonlinear �lters [24]. Roughness model with all of
the tested models predicted the bandpass character-
istics of the roughness of SAM and SFM tones, but
�t with the subjective data was best for the Nobili's
cochlear model. The model with a gammatone �lter-
bank predicted smaller roughness di�erence for the
positive and negative starting phases of pAM stimuli
than were the subjective results. On the other hand,
the roughness model with the Nobili's cochlear model
was in some cases oversensitive to phase di�erences
(e.g. pAM tone fc = 500Hz in Fig. 7).

5. CONCLUSIONS

The presented roughness model calculates roughness
from the envelope of the simulated neural signal in
auditory nerve �bers. Beside the amplitude changes
of the �uctuating envelope, the model takes into ac-
count also a duration of the raising part of the en-
velope. This allowed to predict the e�ect of phase of
the individual spectral components on roughness. The
model quantitatively predicted roughness for a broad
range of stimuli.
The peripheral stage of the roughness model is com-

posed of a Nobili's model of the BM response and
cochlear hydrodynamics. Alternative cochlear models
were also tested (gammatone and DRNL �lterbanks)
but the best �t with the subjective roughness data
was reached with the Nobili's cochlear model.
The roughness model failed to predict roughness of

not modulated bandpass noise stimuli. Further studies
are necessary to explain these results.
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