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In the literature, the problem of the perception of signal frequency changes
has been congidered mainly with reference to regular changes, obtained in the
process of frequency modulation of a tone by a tone. There are, however, no
publications on the thresholds of the perception of irregular frequency changes.

This fact was an encouragement to undertake investigations with the
essential purpose of determining the thresholds of the perception of irregular
frequency changes for a signal with constant amplitude and a decaying signal
with an exponential envelope, depending on: the carrier freguency of the sig-
nal, its intensity level and the duration of the decaying signal. The courses of
the perception thresholds of irregular frequency changes obtained here are much
more general than the data published previously on the subject in the literature.

The investigation results obtained permit better knowledge of the mecha-
nism of the so-called dynamic perception of signals, i.e. the perception of signals
with parameters varying in time, whose natural counterpart in practice are the
gsounds of speech and musie.

1. Introduction

The previous investigations carried out in the field of research on the per-
ception of signal frequency changes have been concerned mainly with the deter-
mination of the thresholds of the perception of these changes for cases of fre-
quency modulation (¥ M) [2-6, 8, 21-23] or the evaluation of similarity of modu-
lated signals [5, 14]. The results of these investigations permitted e.g. the deter-
mination of the dependence of the threshold frequency deviation Af (or the
quotient Af[f,) on the carrier frequency.

These investigations were developed by HARTMANN [8] and FETH [4],
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who presented the thresholds of the perception of the frequency modulation
of a simple tone by various signals, including rectangular, triangular, trapezoidal
and sinusoidal ones.
‘ The results of the previous investigations show that in the process of the
perception of modulated signals, the phases of the lateral spectral components
of their spectra are of deciding significance only when they are within one eriti-
cal band. In this range, it is interesting to note ZWICKER’S conception [22],
according to which the perception of modulated signals can be based on the
working principle of the “rectangular filter”. This conception was discussed
in a large number of papers [2, 3, 5-7, 13]. FETH [3] and CoNINX [2] questioned
to some extent its validity, while GOLDSTEIN [5], MATWALD [13] and HARTMANN
[6, 7] complemented it, replacing the rectangular filter by a trapezoidal one,
which improved distinctly the agreement between these conceptions and then
results of experimental research. In this respect, it is particularly interesting
to note the investigations carried out by HARTMANN [6, 7], who, after perfor-
ming a series of experiments, found that the perception of signals modulated
by tones depends only on the spectral component with frequency lower than
that of the carrier, since the component with the higher frequency is then com-
pletely masked.

It is also intersting to mention that some papers in this range of research
indicate the existence of some additional effects related to frequency modulation,
such as e.g. roughness, studied in detail in paper [11], and the so-called trill
effect, considered in papers [15, 20].

A separate group of investigations consists of research on the perception
of frequency changes constant in time, occurring between two steady states.
The experimental investigations in this rrange [1, 16, 17] indicated that the
time parameters of the signal exert a deciding influence on the threshold of the
perception of frequency changes of this type. In this case, the durations of the
steady states of signals play a particular role. So far, however, it has not been
determined sufficiently well to what extent the threshold of the perception of
these frequency changes is determined by steady states, and to what extent,
by the continuous change in the frequency of the signal.

All the papers mentioned so far were concerned with frequency changes
occurring in a signal with constant amplitude. :

In the literature, apart from papers [1, 2, 9, 18, 19], there are in fact no
more specifically documented data on the perception of frequency changes
accompanied by given changes in the intensity level of the signal. In this range,
interesting results were introduced in paper by CoNINX [2] and HARTMANN [9];
dealing with the perception of simultaneous changes in the amplitude and
frequency of the signal, and moreover, these changes have the character of
frequency and amplitude modulation by the same-process. The. problem of
frequency modulation of a signal with amplitude varying in time was also the
object of considerations in paper [18], as a result of which the thresholds of the
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- perception of the frequency changes in a signal decaying exponentially were
 determined. These investigations found the existence of the dependence of the
~ threshold deviation on the intensity level of the signal and on its carrier and
- modulating frequencies. In paper [19], in contrast to continuous frequency
- changes, the perception of jump frequency changes, occurring in a decaying
. signal, was investigated. Apart from the determination of the thresholds of
~ the perception of a single jump frequency change, depending on its time parame-
ters (i.e. its duration and the time defining its localisation in the signal), investi-
- gations were also performed to estabilish the effect of one of the frequency chan-
ges on the threshold of the perception of the second change. As a result of these
 investigations, it was found that in the case of two jump frequency changes,
- one can speak of the existence of the specific phenomenon of masking, consisting
" in the increase in the threshold of the perception of the second frequency change,
in the case when the value of the first is above the threshold [19]. It should be
- noted that all the papers mentioned above are concerned with frequency changes
‘of which it can be said that they have a determined character, expressible in
“analytical form.
A distinet extension and generalization of the problems mentioned above
15 the question of the determination of the perception thresholds of irregular
Arequency changes with character close to random, which has no counterpart
in the literature. It is significant that this question is related directly to the per-
- eeption of processes occurring in reality (e.g. natural sounds of speech and music),
~for which one of the more important characteristics is the stochastic character
~ of amplitude and frequency in time.
| 3 The problem of the perception of irregular frequency changes occurring
signals. with amplitudes constant and decaying exponentially with time,
8 the object of the present considerations. The essential purpose of the paper
1§ te determine the thresholds of the perception of these changes, depending on
the carrier frequency of the signal, changes in its intensity level and the duration
the signal.
E Within the range of the investigations performed, irregular frequency
| ‘changes were obtained by way of frequency modulation of a tone by particular
nds of white noise. In the process of the perception of the signals thus modu-
d, the essential role is played by their spectral structure, which will be
scussed in greater detail in section 2.

2. Spectral structure of a signal with frequency modulated by band noise

~ In the case of the frequency modulation of a tone by another, one can, as
? known, determine in a relatively simple way, on the basis of Bessel functions,
the spectrum of the modulated signal [10, 12]. In addition for a signal of this
type, its basic parameters are defined unambiguously, such as the carrier and
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modulating frequencies and the deviation range. A much more complex matter
is the problem of the determination of the spectrum of a tone with frequency
modulated by a random signal, which in the case considered was a band of white J
noise with the power N, defined by the formula !
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This complexity results from the lack of an analytical expression describing the |

form of the modulating signal, which is assigned to the class of random signals.

It can be assumed that the random process considered is a stationary

ergodic process with the autocorrelation function R_(v) and the variance o}.

The instantaneous frequency (?) of the modulated signal can be expressed, in
general, as

dd(t)
dat '’

w(l) = v+ kx(t) = (3)
l
where (1) is some sample function of the random process, and @(t) is the instan- 1
taneous phase of the modulated signal. :
In the case considered, the frequency deviation (or the phase deviation)
cannot be determined for the modulated signal as the maximum shift in this
quantity, as it is done in the case of determined modulating processes. A quantity
called the effective frequency deviation Awg, which is proportional to the effee-
tive (mean square) value g, of the modulating signal, is used as the measure of
the degree of modulation by random (noise-like) processes, i.e. |

Awgs = Ko, (4){
4
In order to determine the spectrum of the modulated signal, first its auto-

correlation function should be defined. The phase of the very process @(t) can
now be considered. Integratmn of expression (3) gives

@ — wot—{—kfm(t’)dt’ = wgt+ 0(1). (5);_.

The function 0(f) also has the Gaussian probability distribution, since it has
been formed by integrating the process #(t). The spectral density of the funetion
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6 (1) can be written in the form

G, (w)
e

Gylw) = k2=~ (6)
Knowledge of phase (5) of the modulated signal and of the probability distri-
bution of the function 6(f) permits to calculate the autocorrelation function
E(7) of the modulated signal by statistical averaging. This gives as a result

B(r) = —1— A*cos wgrexp{ — [Ry(0) — Ry(7)]}, : (7)

where R, (7) is the autocorrelation function of the function 6 (t). By using now the
Wiener-Chinczyn theorem, the spectrum of the modulated signal G(w) can be
represented in the following way:

1 0o
G(0) =5 Atexp[—Ry(0)] [ exp[R,(n)][expli(w+oq) ]+

+exp [i (o — wo) r]] dz. (8)

By considering the modulation by a noise band (defined by dependence (1)),
which occurs when R,(0) < 1, the expression exp[R,(z)] can be given in the
form of a series, taking into account only the first two of its terms. In addition,
using dependence (6), it can finally be written that

L0k = , G0 — ) 2 Oz(0+ @)

00) = [s0-00 +1 i Fw e+ SE 0T
The final dependence (9) describes the spectrum of a sinusoidal signal with the
pulsation w,, frequency-modulated by a band noise, determined by relation (1).

It follows from this formula that the spectrum of the modulated signal
contains a sinusoidal carrier signal, represented in this case by the function
d(w+ w,), while the components with the form G, (w -+ w,)/(w -+ w,)? express
the fuzziness of the spectrum, related to the process of frequency medulation
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Fig. 1. The power density spectrum of a sinusoidal signal modulated by a noise band with
a prescribed cut-off frequency, according to dependence (9)
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Fig. 2. The power density spectrum of a sinusoidal signal f, = 1 kHz modulated by a noise
band with the cut-off frequency f, = 63 Hz, obtained by means of a BK 2033 narrow-band
analyser

Fig. 1 shows schematically the theoretical relation (9). In turn, Fig. 2
shows, for comparison with theoretical considerations, the spectrum of a sinusoi-
dal signal with the frequency f, = 1 kHz, modulated by a noise band with the
frequency f, = 63 Hz, obtained by means of a BK 2033 narrow-band analyser.

3. Purpose and range of the investigations, the equipment and method of the measurement

3.1. Purpose and range of the imvestigations

The essential purpose of the investigations undertaken was to determine
the thresholds of the perception of irregular (random) frequency changes for a
signal with constant and exponentially decaying amplitudes, depending on:
the carrier frequency of the signal, its intensity level and duration, for the diffe-
rent bandwidths of the modulating noise. Irregular frequency changes were
obtained by frequency modulation of a tone by white noise bands with widths
varying in an octave ratio. The deviation range of the signal thus modulated
was proportional to the effective value of the noigse band, while the bandwidth
defined the range of modulating frequencies. '
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The investigations included:

— change in the carrier frequency f, in an octave ratio, over the range
125-4000 Hz; :

— change in the bandwidth of modulating noise, defined by the cut-off
frequency f, of the band, over the range 31-1000 Hz;

— change in the intensity level of the modulated signal, over the range
556-85 dB (with jumps every 10dB);

— change in the duration 7' of the decaying signal, over the range 125 ms—
1.5s.

3.2. Equipment and method of the measurement
Fig. 3. shows a schematic diagram of the equipment set-up used to investi-

gate the thresholds of the perception of irregular (random) frequency changes.
An essential part of this set-up was the voltage-controlled simple tone generator
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Fig. 3. A schematic diagram of the measurement system: I — white noise generator, 2 —

low-pass filter, 3 — voltage-controlled generator, 4, 5 — potentiometers, 6 — digital volt-

meter, 7 — plotter voltmeter, 8 — digital voltmeter, 9 — frequency meter, 70 — headpho-
nes, 11, 12 — gignalling boards

3, which permitted any changes in the output frequency to be obtained,
in the direct proportion to the voltage of the control signal fed to the control
input. The signal controlling the work of the generator 3 was white noise
generated by the noise generator I, undergoing previous filtration by a low-pass
filter 2, with the cut-off frequency f,. The effective value of the noise band,
responsible for the effective value of deviation, Af, could be adjusted indepen-
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dently by means of the potentiometers 4 and 5, linked in parallel, at the
disposal of the experimentator and observer. Additional elements of this set-up
congsisted of a system of meters for the control of both the modulating and output
signals. The whole of the equipment was complete with SN-60 10 measurement
headphones and the signalling boards of the experimentator 1/ ‘and the observer
(12). :

Measurements of the thresholds of the perception of irregular frequency
changes were carried out on the basis of a method which was some modiffication
of the limits method. This method consisted in the determination by the listener,
by means of the potentiometer 3, of the just perceptible value of the frequency
deviation occurring in a modulated signal, which was regarded as the threshold
value of the effective deviation. It should be pointed out that an essential
influence on the accuracy of the determination of the threshold deviation value
was exerted by the accuracy of the determination of the effective value of
the modulating noise band intensity, to which particular attention was paid
during the measurements. Two listeners with audiologically normal hearing,
over the frequency range applied, took part in the investigations.

4. Measurement results and their analysis

4.1. The thresholds of the perception of irreqular frequenecy changes, depending
on the carrier frequency of the signal

In the first part of the investigation, the thresholds of the perception of
irregular frequency changes, with amplitudes constant in time and exponentially °
decaying, were determined, depending on the carrier frequency of the signal.
Figs. 46 and 7 show successively the behaviour of the threshold values Af
obtained over this range for the listeners EO and AS.

The parameter of these thresholds is the cut-off frequency f, of the modula-
ting noise band. In keeping with the results shown in Figs 4-7, an increase in the
carrier frequency of the signal, over the range 125-1000 Hz, causes only a slight
change in the value of Af;. In turn, any further increase in this frequency,
above 1000 Hz, causes a distinet increase in the threshold deviation. The results
given by Figs 4-7 also indicate that changes in the threshold deviation Af,
do not depend unambiguously on the modulating noise bandwidth, or, alterna-
tively, on the cut-off frequency f, of this band, but that they constitute some
scatter of results. This fact is justified by the results of the investigations of
the threshold deviation in the case of modulation of a tone by another, accor-
ding to which the lowest threshold of the perception of the deviation occurs at
low modulating frequencies, of the order of a few Hz. This signifies that in the
case of modulation by a noise band, the value of the threshold deviation is
determined above all by the components lying in the low frequency range,
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. 4. The thresholds of the perception of irregular frequency changes in a signal with
stant amplitude, depending on the carrier frequency, for the listener EO. The parameter
of the data is the cut-off frequency of the modulating noise band. O — f, = 31.5 Hz, [] —
;= 63Hz, Af,—1256Hz, @ —f, =250Hz, W —f, =500 Hz, A —f;= 1000 Hz
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5. The thresholds of the perception of irregular frequency changes in a signal with
wstant amplitude, depending on the carrier frequency, for the listener AS. The parameter
the data is the cut-off frequency of the modulating noise band. O — f =3815Hsz, O =
f,— 63Hz, A —f, =125 Hz, @ —f, = 250 Hz, W — f, = 500 Hz, A —f, = 1000 Hz
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Fig. 6. The thresholds of the perception of irregular frequency changes in a decaying signal,
depending on the carrier frequency, for the listener EQ. The parameter of the data is the
cut-off frequency of the modulating noise band. O —f, = 31.5Hz, [] —f, = 63 Hz,

A —f;=126Hz, @ —f, =250 Hz, @ — f; = 500 Hz, A — f, = 1000 Hz :
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Fig. 7. The thresholds of the perception of irregular frequency changes in a decaying signal,
depending on the carrier frequency, for the listener AS. The parameter of the data is the cut-
-off frequency of the modulating noise band. O — f; = 31.56 Hz, (] — f, = 63 Hz, A — Io
=125Hz, @ —f, =250Hz, W - f, =500Hz, A — f;, = 1000 Hz
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whereas the higher components, appearing in the modulating signal as a result
of a broadening its band, do not affect the value of the threshold deviation.
On this basis, the threshold values of Af,; were averaged over the range of
¢ measured cut-off frequencies f,, and, subsequently, by applying regression
lysis, the equations of the curves of the dependence of the threshold deviation
on the carrier frequency of the signal were determined.

Respectively for signals with amplitudes constant and decaying in time,
j or considered range of frequencies f,, these equations have the form of (10)
‘and (11), while the corresponding correlation coefficients are of the order of
B95 %,
1- Afp =11 x107%f24+1.4

Af e =2.0x10~¢ f2+2.1
Afy = 0.7x107 24+ 1.6
Afy =1.5x1075f24+1.9

(for the listener EO); (10)

(for the listener AS). (11)

(10) and (11), it can be stated that the threshold value of the deviation percep-
_-txon is proportional to the squared carrier frequency of the signal.
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Fig. 8. Comparison of the thresholds of the perception of irregular frequency changes for

the cases of a decaying signal (curves I and 2) and one with constant amplitude (curves

listener EO (1), decaying amplitude; A — -- — listener AS (2), decaying

O — - — listener A8 (3), constant amplitude; O — — — — listener EO (4),
constant amplitude b

On the basis of the data shown in Figs 4-7 and the corresponding expressions -
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Fig. 8 shows a comparison of the courses of the thresholds obtained for
a signal with constant amplitude (curves 3 and 4) and for a signal with ampli-
tude decaying exponentially in time (curves 1 and 2). As can be seen in this
figure, the thresholds of the perception of irregular frequency changes oceurring
in the decaying signal are distinetly higher than the analogous thresholds
obtained in the case of mregular changes oceurring in a signal with constant
amplitude.

Irrespective of the facts established above, the investigation results obtai-
ned for a signal with constant amplitude were compared with the values of the
perception thresholds of regular frequency changes occurring in the case of
modulation of a tone by another, which were presented in papers [21, 22].
This comparison is shown in Fig. 9.
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Fig. 9. Comparison of the thresholds of the perception of frequency changes in a signal
with constant amplitude, obtained by Zwicker [22] (curve I), SHOWER-BIDDLUPH [21]
(curve 2) and the present authors (curves 3 for listener AS and 4 for listener EO)

The unified threshold values, expressed in units of effective deviation as :

defined by the following formula, were plotted on the axis of ordinates of the
figure:

My = 22, (12)
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whereas tne values of the carrier frequency of the signal were plotted on the axis
f abscissae.

It follows from comparison of the curves given in Fig. 9. that both in the
of frequency modulation of a tone by another (éurves 1 and 2) and the modu-
n of a tone by a noise band (curves 3 and 4), there are analogous dependen-
ies of the threshold deviation on the carrier frequency of the signal.

~ 4.2. The thresholds of the perception of irregular frequency changes, depending
on the intensity level of the signal

- In the second part of the investigations, the thresholds of the perception
of irregular signal frequency changes were determined, depending on the inten-
level. This signal, with the constant carrier frequency f, = 1000 Hz, was
modulated by white noise bands with the cut—off frequencies fy = 31.5 Hz,
63 Hz, 125 Hz, 250 Hz and 500 Hz. The intensity level of the modulated mgnal
varied over the ranges of 55 dB, 65 dB, 75 dB and 85 dB. The investigation
results obtained for a signal with constant amplitude and a decaying one are
Shown successively in Figs 10-13. The parameter of these dependencies is
the cut-off frequency of the modulating noise band. It follows from Figs 10-13
that for low values of the cut-off frequency of the modulating noise band (i.e.
for f, < 125 Hz), the threshold deviation is approximately independent of the
intensity level of the signal. However, these dependencies are different when
he cut-off frequency of the modulating noise band is higher than 125 Hz.
hen, an increase in the intensity level of the modulated signal causes a distinct
op in the threshold deviation. This drop is the more distinct, the greater is
the value of the cut-off frequency of the modulating signal. Quantltatlve com-
ison of the dependencies obtained above indicates that in the case of a decay-
ignal (with duration of the order of 1 ), the threshold deviation is on average
ice as large as that for a signal with constant amplitude. The results obtained
this part of the investigations are in good agreement with those given in
pers [18, 22], which are related to the determination of the thresholds of the
reception of frequency modulation of a tone by another.

4.3. The thresholds of the perception of irreqular frequemy changes, depending
the duration of the decaying signal

In the third part of the investigations, the dependence of the threshold
viation on the duration of the decaying signal, which was successively 125,
0, 500, 1000 and 1500 ms, was determined. The following parameters were
sumed as constant: the intensity level of the signal, L = 75 dB, and its
ier frequency f, = 1000 Hz. Just as in the previous cases, also in this part
of the investigations, the parameter of the measured threshold values was the
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Fig. 10. The thresholds of the perception of irregular frequency changes in a signal with
constant amplitude, depending on its intensity level, for the listener EO. The parameter
of the data is the cut-off frequency of the modulating noise band. O — f, = 31.5 Hz, ] —

fo=63Hz, A —f,=125Hs, @ —f, = 250 Hz, W —f, = 500 Hz .
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Fig. 11. The thresholds of the perception of irregular frequency changes in a signal with
constant amplitude, depending on its intensity level, for the listener AS. The parameter o
the data is the cut-off frequency of the modulating noise band. O — f, = 31.5 Hz, [] — f

=63Hz, A —f, =125Hz, @ —f, =250 Hz, W — f, = 500 Hz '
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Fig. 12. The thresholds of the perception of irregular frequency changes in a decaying signal,

depending on its intensity level, for the listener EO. The parameter of the data is the cut-off

frequency of the modulating noise band. O —fy=3815Hz, O —f, =63Hz A —
=125Hz, @ —f, =250Hz, W — f, = 500 Hz
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Fig. 13. The thresholds of the perception of irregular frequency changes in a decaying signal,

depending on its intensity level, for the listener AS. The parameter of the data is the cut-off

frequency of the modulating noise band. O — f; =81.5Hz, [ —f, =63Hz, A —f,
= 125Hz, @ —f = 250 Hz, @ — f, = 500 Hz
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cut-off frequency f, of the modulating noise band, which took values of 31, 5
63, 125, 350 and 500 Hz. The investigation results obtained are shown in Figs
14 and 15, for the listeners EO and AS, respectively. ‘
: In the first instance, on the basis of the results obtained in this part o

investigations, it can be stated that the threshold of the perception of irregular
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Tig. 14. The thresholds of the perception of irregular frequency changes in a decaying signal,
depending on its duration, for the listener EO. The parameter of the data is the cut-off
frequency of the modulating noise band. O —f;, =8L5Hz, [ —f, =63Hz, A —f5
125z, @ — f, =250Hz, W — fg = 500 Hz
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Fig. 15. The thresholds of the perception of irregular frequency changes in a decaying signal,

depending on its duration, for the listener AS. The parameter of the data is the cut-off fre-

quency of the modulating noise band. © — f, = 81.5Hz, O —fy =63Hz, A —f, =125
Hz, @ — f; = 250 Hz, @l — f, = 500 Hz :
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~ frequency changes decreases in the inverse proportion to the duration ot the
decaying signal. In the limits, it tends to a constant value of the order of 2-3 Hz
“ corresponding to the value of the threshold of the perception of irregular fre-
quency changes for a signal with constant amplitude.

Moreover, it can be seen in Figs. 14 and 15 that an increase in the cut-off
frequency of the modulating noise band does not affect unambiguously the
~ value of the threshold deviation measured for the particular durations of the
~ decaying signal. :

The use of the least-square method permitted the determination of analy-
tical forms of the dependence of the threshold deviation Af, on time, defined by
dependencies (13) and (14), for the listeners EO and AS, respectively, which are
represented by solid lines in Figs. 14 and 15.

0.6
Ao =—="42.5, (13)

1
Uy =— +2.2. (14)

On the basis of the above dependencies, it was possible to extrapolate the
values of the threshold deviation to durations muech shorter than 125 ms (see
Figs 14 and 15), corresponding approximately to the times of transient transi-
tions occurring in the natural sounds of speech and musie. As is known, these
transitions are accompanied by large sound frequency changes with a very
irregular character. It seems that these thresholds can, after their experimental
verifieation, serve for preliminary evaluation of the listener’s perception of
irregular frequency changes occurring in real signals (e.g. when the sounds of
speech or music decay in a room).

5. Conclusions

The results of the investigations carried out permit the following conclu-
sions to be drawn:

1. The threshold of the perception of irregular frequency changes, defined
by the value of the threshold deviation Af,, for signals with amplitudes cons-
tant and decaying in time, modulated by a white noise band, depends on the
carrier frequency of this signal, its intensity level and the duration of the decay-
ing signal.

2. The threshold value of the frequency deviation Af is proportional to
the squared carrier frequency f, of the modulated signal for considered range of
frc quencies f,. This dependence can be expressed analytically as Af,, = Af: 4 B,
where the coefficients A and B take specific values for a given listener.
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3. For higher cut-off frequencies of the modulating noise band (i.e. for
J, > 125 Hz), the value of the threshold deviation decreases as the intensity
level of the decaying signal increases, whereas for f, <125 Hz it is approxi-
mately independent of the intensity level of the signal.

4. The thresholds of the perception of irregular frequency changes for a sig-
nal with constant amplitude are lower than the analogous thresholds obtained
in the case of a decaying signal, for frequencies higher than 500 Hz.

5. The threshold of the perception of irregular frequency changes for the
decaying signal is in the inverse proportion to its duration. In the limit, it tends
to a value of 2-3 Hz, corresponding to the threshold value of the perception
of irregular frequency changes for a signal with constant amplitude.

In conclusion, it should be pointed out that the thresholds of the percep-
tion of irregular frequency changes obtained here are much more general than
those published so far in the literature, since they are related to signals for which
frequency changes in time have approximately a random character, i.e. they
belong to a broad class of signals encountered in practice.
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