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Vencovský [12] introduced a new roughness model and showed its performance in comparison with listening
tests for three types of complex acoustics stimuli: amplitude-modulated harmonic complex tones, real samples of
pathological voices (sustained vowel /a/), harmonic intervals of the chromatic scale composed of two harmonic
complex tones (dyads). This study extends his results. It adds a new type of stimuli (low-frequency harmonic
complex tones), slightly changes the method used to estimate roughness, and, for a comparison, depicts results
for Daniel and Weber’s roughness model [9], and Leman’s synchronization index (SI) roughness model [10].
Vencovský’s model performed well for all of the stimuli. Daniel and Weber’s model performed well for the first
type of stimuli, but its results were poor for the rest of the stimuli. The SI model performed well for the first
three types of the stimuli but poorly for the low-frequency harmonic complex tones.

1. Introduction

Two pure tones added together create a signal with a fluc-
tuating envelope. The frequency of the fluctuations equals
the frequency difference between the tones. We may per-
ceive the fluctuations as periodic changes of the signal
loudness when the frequency of the fluctuations is below
30Hz. When the frequency of the fluctuations slowly in-
creases above 30Hz, we may perceive a jarring and rough
sound sensation described by the term roughness [1]. As
the frequency increases, the sensation reaches its maxi-
mum and then starts to decrease. We then perceive both
tones separately with pitches given by their frequency.
This suggests that we perceive the roughness because the
ear cannot resolve the spectral components of the sound
which are close in frequency [1, 2].
Researchers have employed various psychophysical
methods to measure roughness [3–7] and given roughness
a unit called asper [6]. Hand in hand with the psychophysi-
cal methods, researchers developed various mathematical
models predicting roughness (see [2, 6, 8–10]) but none
of them have been standardized [11]. One group of the
models, known as curve-mapping models, detects spec-
tral components of the sound stimuli and maps them
into a psychoacoustical curve of roughness [2]. However,
the curve-mapping models cannot process signals with
continuous spectra, for example, noises [10]. The second
group of roughness models employs algorithms simulating
the function of the peripheral ear [10]. Daniel and We-
ber’s model [9], and Leman’s synchronization index (SI)
model [10] belong to this group.
The aim of this study is to extend the results of the
study of Vencovský [12] which introduced a new roughness
model. The model employs an algorithm simulating the

function of the peripheral ear and thus belongs to the same
group as Daniel and Weber’s and the SI roughness models.
Vencovský [12] used the model to predict results of lis-
tening tests for: amplitude-modulated harmonic complex
tones, real pathological voice samples, and harmonic inter-
vals of the chromatic scale. I slightly changed the method
used to estimate roughness, verified the roughness model
by a new type of stimuli (low-frequency harmonic complex
tones), and, for a comparison, depicted predictions given
by Daniel and Weber’s, and the SI roughness model. Some
of the used real pathological voice samples were rough
and breathy. Speech synthesizers simulate breathiness by
adding noise to the signal [13]. Since the curve-mapping
roughness models cannot predict roughness for noise sti-
muli, I did not use any model of this group [10].

2. Roughness models

This section basically describes three different rough-
ness models: Vencovský’s model [12], Daniel and Weber’s
model [9] and synchronization index (SI) model [10].

2.1. Vencovský’s model

Vencovský presented the model in the study [12]. The
model has a cascade architecture consisting of two stages:
a peripheral stage simulating the function of the human
auditory system, and a central stage predicting roughness
from the simulated neural signal at the output of the pe-
ripheral stage.
The peripheral stage – a computational auditory model
– transforms an input acoustic stimulus into the simu-
lated neural signal in auditory nerve fibers. It is composed
of: an outer and middle ear model, a model of the basilar
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membrane (BM) response and cochlear hydrodynamics de-
veloped by Mammano and Nobili [14–16], and algorithms
simulating the function of the inner hair cells [17–20]. The
signal at the output of the peripheral stage represents the
simulated neural signal. Since the peripheral ear conducts
spatial-frequency analyses, the output signal has 300 chan-
nels: each represents response of the peripheral ear tuned
to a certain frequency between 16Hz and 17 kHz.

The central stage calculates roughness from the simu-
lated neural signal obtained at the output of the peripheral
stage. It first extracts the signal envelope and then process
it by a 1st-order Butterworth low pass filter with a cut-off
frequency of 80Hz. The filter ensures that the roughness
decreases for fluctuations of higher frequencies. The cen-
tral stage then extracts two features from the parts of the
envelope where the signal is rising (rising slopes): duration
of the rising slope, and difference between the minimal
and maximal value. Roughness is estimated as a product
of the frequency calculated from the duration of the ris-
ing slopes and the modulation depth calculated from the
minimal and maximal value of the rising slopes [12]. This
statistics takes into account the shape of the time domain
envelope of the simulated neural signal and the roughness
model thus predicts roughness for the stimuli not covered
by Daniel and Weber’s and the SI roughness model [12].

Vencovský [12, 21] designed two versions of the rough-
ness model with a slightly different central stage. The
model version described in the study [21] predicts rough-
ness in dependence on parameters of various synthetic
stimuli, for example, on the modulation frequency for
amplitude-modulated tones. The study [12] presents
a model which is more suitable for predicting roughness
of various types of complex stimuli. This letter version of
the roughness model is used in this study.

2.2. Daniel and Weber’s model

Daniel and Weber [9] improved a model designed by Au-
res [8]. The peripheral part of the model transforms the
input stimulus into a spectrum and divides it into bands of
a bandwidth equal to the critical bandwidth in Barks [6].
It then turns the spectral representation of the signal in
each band to the time domain and estimates the modu-
lation depth of the signal envelope. The model employs
a bank of weighting filters and was tuned to account for
roughness of amplitude-modulated tones experimentally
measured by Aures [22] and presented in the book of Fastl
and Zwicker [6]. The model is calibrated to aspers. Daniel
and Weber showed that the model accounts for roughness
of various types of synthetic stimuli, for example, ampli-
tude and frequency modulated tones, and unmodulated
bandpass noises [9]. Wang et al. [11] used the model to
predict roughness of vehicle noise.

2.3. Synchronization index model

Leman [10] designed the synchronization index (SI) model.
The model employs an auditory model which transforms
the input acoustic stimulus into bands of the bandwidth
equal to the critical bandwidth. The signal in each band
represents the simulated neural signal in auditory nerve
fibers. The simulated neural signal is then filtered by band-
pass filters in order to predict the bandpass characteris-
tics of roughness when it is depicted as a function of the
modulation frequency [6]. The model calculates a degree
of phase locking of the filtered simulated neural signal
to a particular frequency as a ratio between the short-
term spectra of the simulated neural signal and the DC
component of the simulated neural signal summed across
all bands. Leman [10] depicted the model predictions for
amplitude-modulated tones and for harmonic intervals of
the chromatic scale but did not compare the results with
subjective data. Wang [23] used this model to predict
roughness of vehicle noise.

3. Experiment 1: Roughness of amplitude

modulated harmonic complexes

Experiment 1 estimates the roughness of amplitude-
modulated (AM) complex tones. I conducted a rating lis-
tening test to measure the roughness of the stimuli and
compared the subjective results with predictions of the
roughness models.

3.1. Method

Stimuli Harmonic complexes composed of the first three
harmonics at frequencies of 300, 600 and 900Hz were used
as stimuli. All three harmonics were amplitude-modulated
by the same sinusoidal signal with a frequency of 30,
40, 50, 60, and 70Hz. Modulation depth – calculated as
20 log10m, where m is the modulation index ranging from
0 to 1 – was 0, −3, −6, −9 and −12 dB. Amplitude of the
first, second and third spectral component was 0, −10 and
−20dB, respectively. Duration of the stimuli was 600ms
and they were ramped on and off with 30ms raised-cosine
ramps. The level of the stimuli was 75dB SPL. Combi-
nation of the modulation frequencies and the modulation
depths led to 25 different stimuli.

Listeners: Five experienced listeners - one woman, four
men, age ranging between 25 and 44 years, including the
author of this study - participated in the experiment. The
listeners had normal hearing; pure-tone thresholds below
20 dB HL for frequencies between 250Hz and 8 kHz.

Procedure and equipment: Roughness of the stimuli
was rated on a discrete scale from 1 to 7 in steps of 1,
where 1 was for the lowest and 7 for the highest rough-
ness. This procedure was inspired by the study of Patel et
al. [7] which estimated the roughness of pathological voice
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Figure 1: Mean values of the subjective ratings of roughness for amplitude-modulated harmonic complex tones plotted
as a function of the roughness predicted by Vencovský’s model (left panel), Daniel and Weber’s model (center panel),
and the SI model (right panel).

stimuli on a 5 point scale. Just noticeable difference of
roughness corresponds to about 10% change of the modu-
lation index, m, of a sinusoidally amplitude-modulated
tone [6]. The five chosen values of the modulation depths
(0, −3, −6, −9 and −12 dB) of the AM complexes should
thus cause perceptible changes of roughness. Moreover, the
roughness of the stimuli depends as well on the modulation
frequency [6]. Thus for the AM complex stimuli, a 5 point
scale seemed to be too course. The listeners rated the
roughness of 25 different stimuli presented in a random
order. Each stimulus was rated separately. The listeners
could listen to it as many times as they desired and after
assigning the roughness rating, they were presented with
the next stimulus. The listening test was composed of 10
sets of randomly ordered 25 stimuli. In other words, each
stimulus was rated 10 times giving the overall number of
250 stimuli in the test. The test was conducted on a com-
puter. The stimuli were presented diotically (the same sig-
nal to both ears) via Sennheisser HD-600 headphones.

Roughness prediction: The roughness of the AM
complexes was predicted by means of three types of
roughness models: Vencovský’s model [12], Daniel and
Weber’s model [9] implemented in the sound analyses
software PsySound3 [24], and the synchronization index
(SI) model [10] implemented in IPEM toolbox [25]. All
types of models predict roughness in the time domain
and give time-dependent values of roughness. Daniel
and Weber’s model implemented in PsySound3 and the
SI model implemented in IPEM toolbox calculates the
resulting value of the predicted roughness as median of
the time-dependent values. Since both models calculate
medians, this method is in this study also used for
Vencovský’s roughness model. It differs from the previous
study of Vencovský [12] where the maximum of the
time-dependent values of roughness was taken. This

change did not have any strong effect on the predicted
roughness in comparison to the previous study [12].

3.2. Results

Each stimulus was rated ten times, but the first two rat-
ings were not taken into account for the final processing
of the results. Cronbach’s alpha calculated from the rat-
ings given by each listener was in all cases higher than
0.8 with 5% level of significance, which means that the
listeners were reliable. I estimated as well the intersubject
reliability between mean ratings for each stimulus. Cron-
bach’s alpha was 0.951 with 5% level of significance.

Fig. 1 shows mean values and standard deviations from
the mean calculated across all listeners and ratings plot-
ted as a function of roughness predicted by Vencovský’s
model [12] (left panel), Daniel and Weber’s model [9] (cen-
ter panel), and the SI model [10] (right panel). Daniel
and Weber’s model predicts roughness in aspers. The pre-
sented roughness model and the SI model predicts rough-
ness in its own model units. Tab. 1 shows Spearman’s (s.c.)
and Pearson’s (p.c.) correlation. All three types of rough-
ness models gave data which correlate with the subjective
ratings.

Table 1: Correlation between model predictions and sub-
jective data for amplitude-modulated harmonic complex
tones.

V DW SI

Spearman r: 0.971 0.961 0.977

cor. p: 7 · 10−16 2.3 · 10−14 6.2 · 10−18

Pearson r: 0.973 0.863 0.956

cor. p: 4.7 · 10−16 2.8 · 10−14 9.4 · 10−14

21



V. Vencovský: Roughness Prediction for Complex. . . c© ČsAS Akustické listy, 20(3–4), prosinec 2014, str. 19–26

2.5 3 3.5 4

x 10
5

1

2

3

4

5

0 1 2 3 0 0.5 1

x 10
3

predicted roughness

s
u
b
je

c
ti
v
e
 r

o
u
g
h
n
e
s
s

V DW SI

Figure 2: Mean values of the subjective roughness ratings for real voice samples – sustained vowels /a/ – plotted as a
function of the roughness predicted by Vencovský’s model (left panel), Daniel and Weber’s model (center panel), and
the SI model (right panel).

4. Experiment 2: Roughness of real voice

samples

I have used the same approach as in Experiment 1 to es-
timate the roughness of real pathological voice samples –
sustained vowels /a/.

4.1. Method

Stimuli: The stimuli were 12 real pathological voice
samples of a sustained vowel /a/. The samples were ex-
tracted from stimuli recorded from 11 different subjects
during the scale singing. The subjects had a pathology af-
fecting their larynx. The stimuli differed in the pitch and
in the amount of roughness. Duration of the stimuli was
300ms and they were ramped on and off by 30ms raised-
cosine ramps. The level of the stimuli was 75 dB SPL.

Listeners: Six experienced listeners – men aged between
25 and 36 years, including the author of the study – parti-
cipated in the experiment. The listeners had normal hear-
ing; pure-tone thresholds below 20 dB hearing level (HL)
for frequencies between 250Hz and 8 kHz.

Procedure and equipment: Roughness was rated on
a discrete 5-point scale from 1 to 5 in steps of 1, where 1
was for the lowest and 5 for the highest roughness. The
same scale was used in the study of Patel et al. [7] estimat-
ing roughness of the same type of stimuli – pathological
voice samples of a sustained vowel /a/. The procedure and
equipment were the same as in Experiment 1. Randomly
ordered 12 stimuli were rated 10 times, giving 120 stimuli.

Roughness prediction: Methods used to predict
roughness were the same as in Experiment 1.

4.2. Results

As in Experiment 1, each stimulus was rated ten times,
but the first two ratings were not taken into account for
the final processing of the results. Intrasubject reliability
estimated as Cronbach’s alpha was for all listeners higher
than 0.9 with 5% level of significance. Intersubject reli-
ability estimated as Cronbach’s alpha was 0.983 with 5%
level of significance. I calculated the final subjective rat-
ings as mean values across all ratings and listeners.
Fig. 2 shows the mean values and standard deviations
from the mean of the subjective ratings plotted as a func-
tion of roughness predicted by Vencovský’s model (left
panel), Daniel and Weber’s model [9] (center panel), and
the SI model [10] (right panel). Daniel and Weber’s model
predicts roughness in aspers. The presented roughness
model and the SI model has its own model units. Tab. 2
shows Spearman’s (s.c.) and Pearson’s (p.c.) correlation
between the subjective and predicted roughness. Daniel
and Weber’s model predictions do not correlate with the
subjective ratings. Vencovský’s roughness model predicted
roughness data which correlate with subjective results,
but the model’s performance is poor in the middle of the
roughness scale. The results for the SI model are also poor
in the middle of the roughness scale.

Table 2: Correlation between the model predictions and
subjective data for real pathological voice samples – vowel
/a/.

V DW SI

Spearman r: 0.790 −0.077 0.727

cor. p: 3.6 · 10−3 0.817 4.9 · 10−3

Pearson r: 0.790 0.114 0.680

cor. p: 2.3 · 10−3 0.725 0.011
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Figure 3: Roughness ratings for the harmonic intervals constructed from synthetic complex tones. Circles connected by
dashed lines represent mean values of the subjective data across ten listeners reproduced from the study [2]. Squares
are the roughness model ratings for Vencovský’s model (left panel), Daniel and Weber’s model (center panel), and the
SI model (right panel).

5. Experiment 3: Roughness of intervals of

the chromatic scale

In Experiment 3, I compared the subjective roughness
ratings of harmonic intervals of the chromatic scale with
model predictions. I reproduced the subjective ratings of
roughness from the study of Vassilakis [2].

5.1. Method

Stimuli: The stimuli were constructed according to the
description given in the study of Vassilakis [2]. The har-
monic intervals were composed of dyads of harmonic com-
plex tones. The complexes were composed of the first six
harmonics with amplitude An of the nth harmonic given
by the equation An = A1/n, where n is the number of the
harmonics. The fundamental frequency of the lower har-
monic complex tone in the dyad was set to middle C (C4,
fundamental frequency 256Hz, equal temperament). The
duration of the stimuli was 1 second and it was ramped
on and off by 30ms raised cosine ramps. The level of the
stimuli was 75 dB SPL.

Listeners and procedure: Vassilakis [2] conducted the
listening test with ten experienced listeners. They rated
roughness on a continuous scale between 0 (not rough)
and 42 (rough). The stimuli were presented diotically (the
same signal to both ears) via earphones. The listeners’
task was to set the position of a scroll according to the
perceived roughness.

Roughness prediction: The methods used to predict
roughness were the same as in Experiment 1.

5.2. Results

Squares connected by dashed lines in all panels of Fig. 3
show the subjective ratings of roughness of harmonic in-

tervals of the chromatic scale reproduced from the study of
Vassilakis [2]. The data are plotted as a function of the fre-
quency of the higher tone in dyads. Circles connected by
solid lines represent roughness predicted by Vencovský’s
model (left panel), Daniel and Weber’s model [9] (center
panel) and the SI model [10] (right panel). The model pre-
dictions were divided by its corresponding maximal values
and multiplied by 40 to be in the range between 0 and
40. Tab. 3 shows Spearman’s (s.c.) and Pearson’s (p.c.)
correlation between the subjective and predicted data.
The presented roughness model successfully predicts the
lowest roughness for the intervals of octave and also re-
flects the dip for the interval G4. The predicted roughness
fits mainly the rank order of the subjective roughness as
is reflected by the high Spearman’s correlation and lower
Pearson’s correlation. The data were also well predicted
by the SI model. Daniel and Weber’s model predictions
did not fit the subjective data well.

6. Experiment 4: Low-frequency harmonic

complex tones

Mískiewicz and Majer [26] estimated the perceived rough-
ness of low-frequency harmonic complex tones. The results
of their behavioral study are compared with predictions of
the roughness models.

Table 3: Correlation between the model predictions and
subjective data for harmonic intervals of the chromatic
scale.

V DW SI

Spearman r: 0.918 0.224 0.852

cor. p: 0 0.46 3.4 · 10−5

Pearson r: 0.764 0.649 0.846

cor. p: 2.4 · 10−3 0.016 2.7 · 10−4
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Figure 4: Roughness ratings for low-frequency harmonic
complexes. The abscissa denotes a fundamental frequency
of the complexes. The ordinate denotes roughness in as-
pers. Squares connected by dashed lines represent geomet-
ric mean values of the subjective data reproduced from the
study [26]. Circles, diamonds, and asterisks represent me-
dians and quartiles of the roughness predicted by Vencov-
ský’s model, Daniel and Weber’s model and the SI model,
respectively. Daniel and Weber’s model predicts rough-
ness in aspers. The presented roughness model and the
SI model data were normalized by its maximal value and
multiplied by the maximal subjective roughness.

6.1. Method

Stimuli The stimuli were harmonic complex tones com-
posed of nine harmonics. The fundamental frequency of
the harmonics was 40, 63, 100, 160 and 250Hz. The spec-
tral components were added in random phase. Amplitudes
of the harmonics decreased with 6 dB per octave. Loud-
ness of the stimuli was set to 60 phons. It was set by
a loudness model designed by Moore et al. [27] and im-
plemented in the sound analyses software PsySound3 [24].
Mískiewicz and Majer [26] used 2.5-second-long stimuli
ramped on and off with 2ms cosine-squared ramps. The
duration of the stimuli presented to the roughness models
was 1 second. The shorter stimuli did not affected the pre-
dicted roughness but decreased computational time.

Listeners and procedure Mískiewicz and Majer [26]
obtained the behavioral data with a group of 10 experien-
ced listeners. They used the method of absolute magnitude
estimation, where listeners assign a number according to
perceived roughness.

Roughness prediction: The methods used to predict
roughness were the same as in Experiment 1.

6.2. Results

Fig. 4 shows the subjective and predicted roughness of low-
frequency harmonic complex tones. Squares connected by
dashed lines represent geometric means from 50 roughness

estimates (10 listeners x 5 estimates) reproduced from the
study of Mískiewicz and Majer [26]. Circles, diamonds,
and asterisks represent medians and quartiles of rough-
ness predicted by Vencovský’s model, Daniel and We-
ber’s model [9] and the SI model [10], respectively. Since
the complex tones were generated with random starting
phases of the individual harmonics, the roughness was pre-
dicted for ten different harmonic complex tones with the
same fundamental frequency. Daniel and Weber’s model
predicts roughness in aspers, while Vencovsk’y’s model
and the SI model are not. I normalized the predicted data
given by these two roughness models by its corresponding
maximal value and multiplied them by the maximal value
across the subjective data.
Vencovský’s roughness model qualitatively predicted
the subjective data for the low-frequency harmonic com-
plex tones. Beside the roughness of the low-frequency har-
monic complex tones, Mískiewicz and Majer [26] showed
that low-frequency unmodulated pure tones may also con-
tain roughness. The presented roughness model cannot ac-
count for this observation because it predicts roughness
from the envelope of the simulated neural signal is without
any modulations for unmodulated pure tones. This maybe
the reason why the roughness model predicted roughness
of the 40Hz complex tone as almost equal to the roughness
of the 63Hz complex tone. Daniel and Weber’s model un-
derestimated roughness of the low-frequency complexes,
and the SI model overestimated roughness of the 40Hz
complex tone. The SI model predicts roughness from the
energy at low-frequencies which probably caused this over-
estimation.
I did not calculate Spearman’s and Pearson’s correlation
between the subjective and predicted data because there
were only four different stimuli and the agreement between
the data is evident from the depicted results in Fig. 4.

7. Conclusion

The aim of this study was to extend the study of Vencov-
ský [12] which introduced a new roughness model and com-
pared its performance with results of listening tests. The
study used three types of stimuli: amplitude-modulated
harmonic complex tones, real pathological voice samples,
and harmonic intervals of the chromatic scale. This study
slightly changed the method used to estimate roughness
for Vencovský’s model. The model processes the input
signal in short time frames and gives time-dependent
value of the predicted roughness. The study [12] esti-
mated the overall roughness as a maximal value across
the time frames, this study calculates median across the
time frames. Beside this, I added a new type of stimuli
(low-frequency harmonic complex tones), and depicted re-
sults for two other roughness models: Daniel and Weber’s
model [9] and the synchronization index (SI) model [10].
Spearman’s and Pearson’s correlation described the fit
between the predicted and subjective roughness of the
used stimuli. Results obtained by Vencovský’s roughness
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model correlated with the subjective data for all of the
tested stimuli; Spearman’s correlation higher than 0.764,
and Pearson’s correlation higher than 0.790. The model
also predicted the subjective roughness of low-frequency
harmonic complex tones (Experiment 4). Daniel and We-
ber’s model performed well only for the first type of sti-
muli (Experiment 1, amplitude-modulated harmonic com-
plex tones), and gave the worst predictions for the real
pathological voice samples (Experiment 2). The SI model
performed well for the first three stimuli (Experiment 1 to
3) but could not predict the subjective data for Experi-
ment 4.
Vencovský’s model performed best in comparison with
Daniel and Weber’s, and the SI model. It may indicate
that the peripheral stage of Vencovský’s model adequately
simulates the physiology of the peripheral ear, and that
the central stage selects features from the simulated neural
signal which cover the perception of roughness. However,
the model results for the real pathological voice samples
(Experiment 2) were poor especially for the stimuli in the
middle of the roughness scale. This should be studied fur-
ther.
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