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INTRODUCTION

Modulated sounds elicit besides other hearing sensations also roughness and fluctuation strength [1]. In
technical applications roughness and fluctuation strength play an important role. Aures proposed a
method to calculate roughness [2]. Voge! described a common way to model loudness and roughness
[3]. Related to this basic concepts some later models we a calculation procedure for roughness is
proposed. The concept is based on a model for roughness developped by Fastl [4]. Fastl’s model is
based on psychoacoustically measured temporal masking patterns. In the following section the
characteristics of such patterns is simulated by means of the time-dependant course of specific loudness.

PSYCHOACOUSTIC MODEL OF ROUGHNESS

For sinusoidal tones, FM-tones as well as for modulated broadband noises the hearing sensation rough-
ness depends on the modulation frequency (fn.q) [1]. Fig. 1a shows the rel. roughness of AM-modulated
broadband sounds according to Fastl [4] as function of f;,,4. For modulated sinusoidal tones with low
carrier frequencies there is a special influence of the bandwith of the critical bands [1].
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Fig. 1: a) rel. roughness of AM-modulated broadband noise as a function of f;,q4, b) rel. roughness as a
function of the degree of modulation (m) or the modulation depth (d) of an AM-modulated
broadband noise for f,,4 = 70 Hz, c) rel. roughness as a function of the level (L) of AM-modula-
ted broadband noise for f,,,q = 70 Hz; crosses and line: simulation results.
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Figure 1b displays how roughness is related to the degree of modulation (m) or the modulation depth
(d). Roughness increases almost proportionally to the square of the degree of modulation (m). Figure 1¢
depicts the increase of roughness with increasing level (L) of the noise. The increase is relatively small.
For a level difference of 40 dB an increase in roughness by a factor of approx. 3 occurs.

Fastl develloped a model for roughness of modulated broadband noises on the basis of psychoacousti-
cally measured temporal masking patterns [4]. Figure 2 displays a schematic sketch of a temporal
masking pattern for an amplitude modulated broadband noise for different modulation frequencies. The
hatched area indicates the temporal envelope of the masker. It can be seen that the human listening
system is able to follow the envelope of the masker for slow modulation frequencies. For higher
modulation frequencies the quantity AL is decreasing, due to temporal masking effects [4]. The
quantity AL represents the difference between the maximum and the minimum of the level at threshold
of the test tone when measured during one period of the modulation.
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Fig. 2: Temporal masking patterns for an amplitude modulated broadband noise; hatched area: masker
envelope; the symbols indicate the threshold of short test tone impulses, triangles: f,,q =
32 Hz, circles: f,,q = 0,5 Hz, quadrangles: f,,q = 4Hz.

Fastl concluded that the main characteristics of roughness can be simulated with model using the
quantity AL, derived from the measured temporal masking patterns, and the modulation frequency
froa- This can be described by the equation

R =~ foa ® AL . (eq. 1)
For low modulation frequencies roughness is small although AL is big. For increasing modulation fre-
quencies the value of AL is decreasing but f,,q is increasing. The product reaches a maximum for a
modulation frequency of about 70 Hz. At modulation frequencies above 70 Hz the value of AL is
decreasing rapidly and therefore the product aproaches zero, and roughness disappears [1, 2].

The model states that not directly frequency is detected, but that the temporal changes in the patterns
are analyzed [4].

Measured data of temporal masking patterns are very rare and therefore in this paper a method is
described simulating their behaviour by means of temporally variable specific loudness patterns as they
occur in loudness meters [5]. For broadband noise the value AL is almost independant of the critical
band rate (z). For narrow-band sounds AL depends on z. The nonlinear spread of masking may cause
a AL at the upper slope which is larger than at the main excited band of the narrow-band sound [1].
This can be included in the model by expanding eq. 1 to
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24 Bark
R=cfnod - f ALE(z)dz= ¢ fih0d A asper . (eq. 2)
0
The constant c is used to standardize the calculated roughness values on the reference sound. This is an

100% amplitude modulated 1kHz tone with a level of 60dB and a modulation frequency of 70 Hz. The
reference sound elicits a roughness of 1 asper (vox aspera (lat.): rough voice).

SIMULATING THE MODEL USING SPECIFIC LOUDNESS PATTERNS

From temporal masking patterns a time-variable course of the quantity L'g (z, t) can be derived. This
quantity is very similiar to the quantity N”(z,t) used in a loudness meter. In loudness meters following
equations are used [6]):

N'@=c; - ((1s+ 51001 E E@O-LHS@)AB) 025 ) sone (eq. 3)

with c1=0.0635 - 109-025 Lys(z)/dB

Is eq. 3 rearranged, neglecting the term 1-s, the excitation level L'g (z, t) can be written as

‘(z,t)/sone/Bark
1

L p(zt)/dB = 4010g[N + 1J - 10log(s) + Lyys(z)/dB. (eq. 4)

The value AL can be derived from the difference

AL'E(2) = L'E(ztmax) - L'E(Ztmin) =

N’(z,tmax )/sone/Bark N'(z.tmmin)/sone/Bark
=40 {m( s 1 |- log — +1||dB (eq. 5)

1 €1

where t,, states the time where N~ is maximal and t,;, where N~ is minimal during one period of mo-
dulation. The time-variable values of N“(z, t) can be derived from a loudness meter [5]. This offers
the opportunity that well-known procedures for the consideration of spectral and temporal masking can
be applied. The N“-values must be calculated every 2ms to allow the detection of modulation
frequencies up to approx. 200 Hz. For calculation purposes the integral in eq. 2 can be replaced by a
sum of 240 partial level differences, every 0.1 Bark, along the critical band rate scale. The processing
of 240 discrete values is successfully used in loudness calculation systems [5, 6].
If big ratios of the term N “/c, are assumed eq. 5 can be simplyfied to
AL's(z)=40 - Ig ) 6
z)=40 - I|g——— dB. :
; EN'(@, toin) (4. 6)

Eq. 5 shows that the excitation level difference is related to a specific loudness ratio. This
approximation can be used instead of eq. 6, but it gives somewhat worse results with respect to the
level dependance of roughness for lower levels. Therefore in the following chapter eq. 5 is used.

CALCULATION PROCEDURE

Figure 3a-e shows the main steps for the roughness calculation procedure. For each of the 21 channels
of the loudness meter the modulation frequency and the values N “.,, and N”;, for a detected modu-
lation period are calculated (Fig. 3a).

From the 21 values N“,., a loudness pattern with 240 values is derived taking spectral masking into
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account (Fig. 3b). The same procedure is applied to the N “;, values. From the two patterns, in an
intermediate step, the quantity AL according to eq. 5 is calculated (Fig. 3c).

Following psychoacoustic results presented by Vogel in 1975 [3] the level difference is set to be
maximal 30dB. This feature is especially important at very low modulation frequencies and high de-
grees of modulation [3].

The quantity is in the next step weighted with a fequency dependant factor.
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Fig. 3a,b: Calculation procedure for roughness: a) extraction of f;,oq and maximal and minimal values
of specific loudness values N” in each channel of a loudness meter, b) derivation of the quantity A
(details see text).



Widmann and Fastl 59

NG mar) [N Gtmin
% G s |
* + ni "o k'_1 ki-.- E-
LEmax= 40'09(1 +X) L'Emin= 40'09(1 +X) % %
eoove r; k|_1+ k' °
. 2
AL'E()
limiter ——
AL'E()<30 dB , ;
Victea ¥
y r .,
aj ) /

’ © O,

3

©

Fig. 3c-e: Calculation procedure for roughness: c) calculation of weighted AL, d) crosscorrelation of
specific loudness channels, ) schematic sketch of the overall procedure (details see text).

This is necessary to consider results of an investigation of Suchowerskyj, found in 1977 [8]. His
studies showed that the hearing system is more sensitive for changes in the high frequency area than in
the low frequency area.

A frequency dependant characteristic is also found in measurements of masking patterns [1]. The loga-
rithmic threshold factor s described by Zwicker and Fastl [1] follows approximately

ALg =10 - log(1+s) =2.2 dB - 0.05 dB/Bark - z/Bark (eq.- 7)
The weighting factors a(j) in Fig. 3c are therefore empirically set to be
o 1 1
af) = 10071088 _ 4 T g (£9-8)

Changes in excitation at higher frequencies are therefore weighted 2.5 times higher than at lower fre-
quencies.

From psychoacoustic experiments it is known that unmodulated broadband noise does not produce
roughness. Loudness meters divide the measured noise inside a bandpass filter bank into several
critical bands having a bandwith Af(z). Due to this step statistical modulation frequencies of narrow-
band noise (f,,¢ = 0.64* Af) are produced.

To have therefore an additional measure for the correlation of the time course of N “-values in
neighboured bands the crosscorrelation is analyzed in parallel (Fig. 3d). This is necessary to reduce
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the calculated roughness of unmodulated broadband noise. For unmodulated broadband noise the
modulations found in neighboured bands are uncorrelated and therefore calculated roughness values
can be reduced [for details see e.g. 1, 2].

The weighted quantity AL(j) is later on multiplied with the above mentioned correlation coefficients.
As a result the quantity A, which simulates the sum of all AL s along the critical band rate scale is
derived.

The total roughness R is calculated from the quantity A and the analyzed modulation frequency as
shown in Fig. 3e.

The described method allows a quantitative simulation of parameters of the hearing sensation roughness.
The experimental data for roughness of broadband noise investigated by Fastl [4] can be compared with
calculated results of the computer model. The simulation results are indicated in Fig. 1a-c by crosses and
solid lines. The calculated values and the subjective data agree very well. Only for the level dependance
of roughness some deviations show up with increasing level.

CONCLUSIONS

The above described procedure allows the calculation of roughness of modulated sounds inline with the
model proposed by Fastl [4]. From temporally variable specific loudness spectra a quantity can be
derived simulating the level difference in the time-course of temporal masking patterns. Besides this
quantity also the detected modulation frequency has to be considered.

The model shows that the concept of specific loudness provides an aurally adequate representation of
sounds. From temporally variable specific loudness patterns not only loudness, but also other time-
variable hearing sensations can be simulated as well, if the appropriate time-constants were applied [7].
Fastl proposed also a psychoacoustic model for the hearing sensation fluctuation strength [9]. With the
described procedure also the main characteristics of this hearing sensation could be simulated with
specific loudness spectra. Only the combination of f;;,o4 and A has to be changed [1, 9].
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