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Summary 

 

Synchronization with fractal rhythms: Complexity matching of statistical structure 

The execution of daily physical activities is highly variable. This variability can be 

described in terms of the variance, i.e. the average dispersions of measurements relative to the 

mean of a time series. However, this measure does not contain any information about the 

manner in which fluctuations are organized in time. To gain insight into this aspect, more 

advanced measures are required that pertain to the temporal structure of the fluctuations. 

Particularly serial correlations are important in this regard since it has been shown that 

rhythmic behavior of healthy biological systems often exhibits so-called long-range 

correlations, as well as characteristics of self-similarity that can be described with a single 

quantity, the fractal exponent. This fractal exponent (0 < ! < 1) can be determined in 

different ways, as outlined in Annex I. A fractal exponent of 0.5 indicates that the 

fluctuations in a time series are not correlated, as in white noise. If the fractal exponent is 

larger than 0.5, then the fluctuations are persistent, which implies that the probability that a 

measurement changes in the same direction as the previous measurement is larger than in the 

opposite direction. The converse, anti-persistent behavior, occurs if the fractal exponent is 

smaller than 0.5. Healthy behavior, such as walking, is generally persistent. 

 Both aging and neurodegenerative diseases are often accompanied by an increase of 

the variance in time series of behavioral variables and a decrease of the fractal exponent in the 

direction of either too regular (towards 0), or too irregular (i.e. unpredictable) behavior 

(towards 0.5). Experimental studies have demonstrated that the variability of walking by 

persons with a neurodegenerative disease can be reduced when prescribed (paced) with an 

isochronous metronome. The dynamical properties of time series of behavioral variables also 

change as a result of such pacing: persistent fluctuations become anti-persistent fluctuations. 

Anti-persistence can be viewed as an archetypical form of ‘homeostatic control’ in which 

every deviation from the mean is corrected immediately. An important practical goal of the 

research reported in this thesis was to develop novel pacing strategies that may enable 

(targeted) individuals to maintain the persistent character of the fluctuations of behavioral 



variables in time series. After all, based on previous findings, it is reasonable to assume that 

this will enhance the functionality and adaptability of behavior.  

Recent research has indicated than when two persistent complex systems are 

interacting, they have a tendency to adopt the same fractal exponent. This so-called 

‘complexity matching’ can occur without any form of behavioral matching, i.e. without 

synchronizing any local events, such as making heel contact with the ground or the tones of a 

metronome. Intentional pacing strategies imply behavioral matching. However, it has never 

been investigated whether the fluctuations in rhythmic stimuli also lead to complexity 

matching, nor whether complexity matching of fractal exponents can be explained by 

behavioral matching. The research reported in this thesis is intended to fill this lacuna. 

The goal of the study reported in Chapter 2 was to determine whether complexity 

matching occurs in a situation in which two participants have to swing a hand-held pendulum 

in phase with each other, and whether this type of matching can be explained solely in terms 

of short-term corrections. To this end, the amount of perceptual feedback was manipulated 

according to three conditions, peripheral visual feedback, focal visual feedback, and focal 

visual feedback with tactile feedback. A high degree of complexity matching was observed 

between the time series of the pendulum movements, which turned out to be independent of 

the feedback conditions and, hence, of the coupling strength. Windowed cross-correlations 

between both time-series (cf. Annex 2) showed that the short-term adaptations in the signals 

were too weak to explain the observed complexity matching. These results suggest that the 

dynamics of interpersonal coordination is based on a global adaptation of the complexity of 

the one system to the complexity of the other system and vice versa, a phenomenon that has 

been coined ‘strong anticipation’. Due to the bi-directional nature of the coupling between 

participants, it proved impossible to unravel the details of these mutual adaptations. 

The nature of the dynamical adaptations to a complex rhythmic environment was 

investigated in Chapter 3 in the context of walking paced by an acoustic metronome. The 

aim of this experiment was to determine how the walking movements are adapted as a 

function of the structure in the variability in the inter-onset intervals (IOIs) produced by the 

metronome. The specific research question was if complexity matching occurs with any non-

isochronous metronome or only if the rhythmic stimulation contains long-range correlations. 

Two complementary experiments were performed to examine how the complexity matching 

between ISI time-series and IOIs time-series was influenced by the variance and the structure 



of the IOI time-series. In the first experiment the walking movements were prescribed with 

the help of a metronome with a coefficient of variance (CV) of the IOIs that was varied 

between CV = 0% (isochronous pacing) and CV = 2% (pacing with long-range correlations). 

It turned out that the ISIs exhibited anti-persistent fluctuations when walking was 

isochronously paced but persistent fluctuations when walking was paced using a metronome 

with long-range correlations. The fluctuations in the ISIs during walking with a metronome 

with long-range fluctuations (CV = 1%, 1,5%, and 2%) corresponded to those during walking 

without a metronome (self-paced). In Experiment 2 the walking movements were prescribed 

with a non-isochronous metronome with IOIs that fluctuated with CV = 1%, while the 

structure of these fluctuations was manipulated in such a manner that anti-persistent, random, 

and persistent stimulation series were obtained. The results indicated that complexity 

matching only occurred if long-term fluctuations in the metronome were present. The 

windowed cross-correlations between the ISI time-series and the IOI time-series were never 

significant in the range from lag –10 to lag 10. This result indicated that the complexity 

matching was dependent on the structure in the variability of the IOIs and only occurred if 

this structure contained long-range correlations. 

The study reported in Chapter 4 focused on a new form of rhythmic stimulation, 

dubbed ‘human pacing’, in which a participant (the follower) walked behind another 

participant (the leader). Based on the fact that rhythmic behaviors of healthy people exhibit 

long-range correlations, the hypothesis was tested that a follower adopts the structure of the 

fluctuations in the inter-stride intervals (ISIs) of the leader. This was accomplished in a gait 

experiment on a large treadmill. The structure of the fluctuations in the ISIs of the leader was 

manipulated externally by means of either an isochronous or a fractal metronome, besides a 

condition without metronome (self-paced). The correlation between fractal exponents of the 

ISIs of the leader and those of the follower turned out to be independent of the different 

experimental conditions. However, contrary to the results obtained in Chapter 3 with the anti-

persistent metronome, anti-persistent pacing by a human partner led to a correlation between 

the long-term regions of the fractal exponents of both ISI time-series. This discrepancy in 

results could be explained by the continuous visual contact of the leader by the follower, in 

contrast to the discrete, auditory coupling between participant and metronome in the 

experiment reported in Chapter 3.  

In Chapter 5 a simulation study is reported that was conducted to gain more insight 

into the control processes involved in the non-isochronous pacing of human walking. Two 



simulation models were tested: a model with a continuous dynamical coupling between the 

rhythm of the metronome and that of the walking movements, and a model with a discrete 

coupling consisting of mechanism for correcting asynchronies between metronome and gait. 

The spectral properties and the autocorrelations functions of the asynchronies of the ISIs, as 

well as the characteristics of the time-series of the asynchronies, showed that isochronous and 

non-isochronous pacing had different effects on the walking movements. Put more precisely, 

the simulation results indicated that isochronous pacing resulted in a form of synchronization 

that seemed to be based on a continuous coupling, whereas non-isochronous pacing resulted 

in a form of synchronization that seemed to be based on a systematic step-by-step correction 

mechanism. Although the behavior in the various non-isochronous conditions appeared to be 

governed by the same control regime, the windowed cross-correlations between the IOIs and 

the ISIs proved to be higher in the condition in which the ISIs contained long-range 

fluctuations than in the other conditions. 

Chapter 6, the epilogue, provides a summary of the main findings of the thesis and 

their implications for future research as well as practical applications. In brief, the studies 

provided evidence that synchronization with fractal rhythms leads to complexity matching 

between time series of behavioral variables and time series of environmental variables 

(produced by a metronome or a human partner). This type of matching only occurs if long-

range correlations are present in the rhythmic stimulation. The simulations presented in 

Chapter 5 demonstrated that the complexity matching between the fractal exponents of ISI 

and IOI time-series may be explained by a simple error correction mechanism. At first, the 

concept of ‘strong anticipation’ seemed to provide an appropriate explanation of the 

experimental results in question, but the simulation results contradicted this assumption.  

The research reported in this thesis focused on a specific form of synchronization, 

namely intentional coordination. Intentional synchronization implies behavioral matching, 

that is, an as adequate as possible synchronization with local events. It was found that 

behavioral matching is not a necessary condition for complexity matching. Future research 

will have to demonstrate whether complexity matching also occurs during non-intentional 

synchronization in both individuals and groups. 

	  


