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Introduction

The way we think of noise changed fundamentally in the last century. While noise had
been regarded as a definitely harmful factor that limits the precision of measurements
and makes it more difficult to obtain information on a system, in the last decades the use
of noise as an information source or the of a constructive role played by noise in some
systems wherein it contributes to the optimal performance of the system came more and
more to the foreground. We can take as examples of the former the monitoring of nuclear-
reactor operation on the basis of neutron-flux fluctuations or the assessment of the reli-
ability of integrated circuits through their electrical noise, while the constructive role of
noise is exemplified by the phenomenon of stochastic resonance. The latter is a general
term for those processes in which the noise either inherent in a system or introduced from
outside optimises system performance in a certain respect—this optimisation is most of-
ten reflected in the signal-to-noise ratio at the output of the system. This dual role of
noise—constructive and as information source—determines the structure of my thesis:
first I report on my work related to stochastic resonance, then present the results of our
cooperation with a medical research team, within the framework of which analysing the
fluctuations inherent in human circulation and respiration may advance our understand-
ing of circulatory regulation.

In respect of signal-to-noise ratio as the measure of optimisation, stochastic resonance
simply means that the output signal-to-noise ratio is better in the presence of input noise
than without noise. Yet the question may arise whether noise can also make the output
signal-to-noise ratio greater than its input counterpart, that is, whether stochastic reson-
ance may involve an input-output signal-to-noise ratio gain. In my thesis I show that this
is possible in the double-well system—which counts as the archetypal model of stochastic
resonance—if the deterministic input is not sinusoidal but pulsatile. In order to decide
whether this signal-to-noise ratio gain can be attributed to the limited response time of
the system that follows from its dynamics, I examine if signal-to-noise ratio improvement
induced by stochastic resonance occurs in the non-dynamical Schmitt trigger. Both in the
double-well system and in the Schmitt trigger I explore how the obtainable signal-to-noise
ratio gain depends on the amplitude and duty cycle of the deterministic input signal. Mo-
tivated by the fact that in some systems coloured noises have been reported to optimise
stochastic resonance in a way, I investigate how coloured noises at the input affect the
value of the signal-to-noise ratio gain, show the differences between the narrow-band and
wide-band definitions of signal-to-noise ratio also in this respect and analyse the possible
reasons for the existence of a definite maximum in the narrow-band gain that occurs for
certain coloured noises.

In the second part of my thesis I give an account of two medical projects in which
noise (in particular, the fluctuations of human heart rate, blood pressure and respiration)
serves as an information source. In the first we studied the effects of blood loss on human
circulatory regulation; here my task was to analyse the frequency of the respiration. In
the second experiment, for which I calculated the time-domain measures of heart-rate
fluctuations and made Poincaré plots, we analysed the effects of smoking on circulatory
parameters.
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Methods

I used an analogue circuitry in the simulations concerning signal-to-noise ratio gain in-
duced by stochastic resonance in a double-well system. I applied numerical simulations
to study the stochastic resonance in the Schmitt trigger and the effect of coloured noises
on the signal-to-noise ratio improvement by stochastic resonance. Both for processing the
data of the analogue simulations and for carrying out the numerical simulations them-
selves I used the LabVIEW 6i graphical programming environment. The latter also served
as the programming background of the calculations I performed for the medical projects.

New scientific results

1. Our research group was the first to demonstrate significant signal-to-noise ratio gain
induced by stochastic resonance in the double-well system, contradicting all previ-
ous expectations which predicted the opposite. Using analogue simulations, I have
explored how the gain depends on the amplitude and duty cycle of the pulsatile in-
put signal. I have reinforced the view that signal improvement by stochastic reson-
ance is strongest in the non-linear transfer range, and the gain increases with the
amplitude. I have shown that the gain is greater for signals with smaller duty cycles
(smaller pulse widths), which may explain why prior studies with sinusoidal excita-
tions did not succeed in achieving gains greater than one. I have provided a simple
phenomenological explanation of the mechanism behind the gain [T1].

2. Using numerical simulations, I have compared the characteristics of the signal im-
provement by stochastic resonance in the Schmitt trigger to those obtained in the
double well. I have shown that greater gain is possible in this non-dynamical system
than in the double well and this gain is less dependent on the amplitude of the in-
put signal. The investigations have nevertheless revealed that in the Schmitt trigger
the mechanism behind the signal improvement induced by stochastic resonance is
highly similar to that in the double well, which suggests that the signal improvement
in the latter does not arise from the dynamics of the system [T2].

3. From several different angles I have provided proof that for the purpose of charac-
terising stochastic resonance it is more appropriate to use a wide-band interpret-
ation of the signal-to-noise ratio that is more application-orientated than the clas-
sical narrow-band version. As the simplest demonstrations show, this interpreta-
tion of the signal-to-noise ratio—being, almost without exception, the one used in
practice—reflects the noise content of a signal much more accurately than the defin-
ition adopted in the literature on stochastic resonance, while, for example, in the
double well it yields signal-to-noise ratio gains greater than one for a much wider
parameter range, and it does not tend to suggest a dubious optimisation effect for
coloured excitations [T1, T3].

4. Through my numerical simulations I have explored, in an asymmetric level crossing
detector and in the Schmitt trigger, how the signal-to-noise ratio gain induced by
stochastic resonance depends on the spectral exponent κ of the 1/ f κ-type coloured
noise applied as stochastic excitation. I have pointed out that the gain based on
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the wide-band definition of the signal-to-noise ratio, in contrast to the results per-
taining to certain neuron models, does not show any optimisation effect in regard
to the spectral exponent: with increasing κ the obtainable maximum of the gain
decreases, and the standard deviation of the noise required to reach the gain max-
imum increases. At the same time, the gain based on the narrow-band signal-to-
noise definition adopted in the literature on stochastic resonance exhibits a definite
non-monotonicity: at a certain non-zero spectral exponent the gain has a distinct-
ive maximum. I have shown that this behaviour is not so much a real optimisation
as an effect inherent in the narrow-band definition, which depends on the relative
frequencies of the signal and the noise [T3].

5. With a frequency-domain analysis carried out for the purpose of studying auto-
nomic responses to volume loss during blood donation, I have shown that the cent-
ral breathing frequency of the subjects does not change significantly after blood
donation. The importance of this observation lies in the fact that at the same time
our study reported a significant rise in power in the respiration-related high-fre-
quency domain of the blood pressure spectrum, and since respiration affects both
heart rate and blood pressure signals, we need to monitor the frequency of respira-
tion to explore the autonomic mechanisms regulating blood pressure [T4].

6. In a study aimed at analysing the effects of smoking on cardio-vagal autonomic con-
trol, by calculating RR parameters and creating Poincaré plots, I helped to show
that smoking a single cigarette can change the time-domain parameters of blood
pressure and heart rate variability significantly: while the blood pressure rises, the
mean and the standard deviation of RR intervals, the root mean square of the differ-
ence of successive intervals (rmsSD) and percentage of the successive intervals more
than 50 ms different (pNN50) decrease significantly. Furthermore, the values of the
baroreflex parameters reflecting the strength of the effect of blood pressure changes
on heart rate also drop considerably. On the basis of this study, the adverse effects
of smoking reported in previous studies with chronic smokers as their subjects can
be generalised to include non-smokers and passive smokers as well [T5].
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