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Chapter 6 

 

Epilogue 

 

Summary of the main findings 

 

Considering that isochronous pacing alters time series dynamics from persistent 

fluctuations to anti-persistent fluctuations (Delignières & Torre, 2009), this thesis aimed (i) to 

test alternative pacing strategies preserving the fractal structure of behavioral time series, 

based on the complexity matching hypothesis (West et al., 2008), and (ii) to determine if the 

distributional matching is only influenced by the behavioral matching, i.e. if local cross-

correlations between time series can explain the correlation between fractal exponents.  

The study reported in Chapter 2 demonstrated the presence of complexity matching 

between participants involved in interpersonal coordination. The high correlation between the 

fractal exponents of time series of hand-held pendulum oscillations revealed distributional 

matching. The absence of (windowed) cross-correlations between time series suggested (i) 

that there was no leader within each pair, and (ii) that participants did not locally react to their 

partner’s fluctuations. These results supported the global strong anticipation hypothesis: 

synchronization between complex systems leads to complexity matching over a large range of 

time scales (Stephen et al., 2008; Stepp & Turvey, 2009), which is not a simple consequence 

of behavioral matching. However, the nature of the task (i.e. bi-directional coupling) implied 

mutual adaptations from both participants. The following experiments thus focused on uni-

directional coupling, in ecological situations.  

In Chapter 3 it was investigated whether participants’ stride time series can match 

metronome onsets series in a walking task. Participants were able to synchronize their steps 

with non-isochronous metronomes similar to the synchronization with an isochronous 

metronome, i.e. with a slight negative asynchrony to the metronomes. Complexity matching 



was found only in situations in which metronome onsets presented long-range correlations, 

but not when they presented anti-persistent or random fluctuations. There was no evidence for 

any (windowed) cross-correlations between stride time series and onsets time series at any lag. 

This set of results suggested that (i) the observed complexity matching was not a consequence 

of local corrections of strides intervals based on previous onsets intervals, and (ii) it was 

induced by the presence of specific long-range correlations in the metronome onsets, thus 

supporting again that a global strong anticipation might be involved.  

It was further investigated if complexity matching was dependent on the nature of the 

environment (natural vs artificial) or whether it occurred on occasions when the environment 

presented 1/f-fluctuations. Complexity matching between stride-time series produced by 

participants and by a ‘human pacer’ was therefore analyzed in Chapter 4. Follower fractal 

exponents closely matched those of the leader. Complexity matching occurred even when the 

leader produced anti-persistent fluctuations, contrary to the anti-persistent metronome in 

Chapter 3. This finding suggested that interpersonal coordination in walking could be 

considered as an alternative pacing strategy for gait rehabilitation with patients or elderly, i.e. 

in populations with a deficit of the fractal structure of their stride time series toward 

randomness.  

In an attempt to gain insight into the processes involved in the production of stride-

time fluctuations under non-isochronous pacing observed in Chapter 3 (Experiment 2), two 

simple models were tested in Chapter 5. The SCPG model (West & Scafetta, 2003) was able 

to reproduce experimental results only for isochronous pacing. As an alternative I proposed a 

model based on corrections of the previous three asynchronies that was more consistent with 

the results of non-isochronous pacing. The latter challenges the idea that global strong 

anticipation is implied in synchronization with fractal rhythms. It seems (i) that isochronous 

and non-isochronous pacing refer to different control processes, as revealed by the different 

models, and (ii) that fractal and non-fractal (anti-persistent and random) pacing differently 

influence stride-time dynamics, as revealed by the persistent fluctuations vs anti-persistent 

fluctuations, respectively, and by the fact that complexity matching only occurred in fractally 

paced conditions. 

In sum, the research presented in this thesis showed that synchronization with fractal 

rhythms may lead to persistent stride-time fluctuations, similar to those observed in self-paced 



situations. Interpersonal coordination and rhythmic auditory stimulation both implied 

complexity matching of the behavioral time series to the external rhythm time series.  

 

Synchronization with external fractal rhythms: what have we learned?  

 

In this section I will provide point-by-point answers to the questions listed in the General 

Introduction (Chapter 1).  

 

Can the fractal fluctuations of stride-time series be maintained when synchronizing 

one’s steps with a metronome? 

  

I demonstrated that participants were able to accurately and adequately synchronize with non-

periodic external rhythms, be it a metronome or a human partner. Mean asynchronies were 

slightly negative, revealing anticipation of heel strikes to the external rhythm. This negative 

mean asynchrony is a typical finding in the sensori-motor literature (Repp & Su, 2013).  

Synchronization with non-isochronous metronomes led to a higher standard deviation 

of the asynchronies compared to isochronous metronomes. Even though I did not focus on the 

question whether non-isochronous metronomes could increase the stability of coordination 

(i.e. reduce the standard deviation of the asynchrony series) or could increase the gait stability 

(i.e. reduce the standard deviation of the stride-time series), this finding is important. 

Increased stride-time variability was related to falls in the elderly (Hausdorff, 2007). It was 

hence important that the standard deviation of the stride-time series did not exceed a critical 

value. However, the non-isochronous metronomes themselves presented variability, implying 

that the focus should not be on the standard deviation of the time series but rather on their 

local variance (Torre & Balasubramaniam, 2011). As stressed in Intermezzo 2, the local 

variance represents the variability of the series of increments, and subsequently allows for a 

better estimation of the ‘step-to-step’ variability. In Chapter 3, the standard deviation of the 

stride-time series increased when onset CV increased (Experiment 1), while it remained 



similar to the self-paced condition during isochronous pacing. As such, this result could be 

taken to imply that non-isochronous pacing increased gait variability and thus would not be a 

valuable candidate for pacing gait in rehabilitation protocols. However, the local variance 

showed a different picture: both in Experiment 1 and 2 there were no significant differences 

between any conditions (Figure VI.1). It might thus be argued that synchronization with non-

isochronous metronomes does not decrease gait stability. This claim calls for further 

investigation using different measures of gait stability, in particular local dynamic stability 

(Nessler et al., 2009; Terrier & Deriaz, 2011; 2013).  

 

 

 
Figure VI.1: Standard deviation (left) and local variance (right) of stride-time series from Experiment 
1 (up) and Experiment 2 (bottom). See Chapter 3 for details.  
 

What properties should such a metronome have to induce or even optimize 

synchronization?  

 

The set of results presented in Chapter 3 showed that traditional measures of synchronization 

did not allow for a discrimination between conditions: mean asynchronies were statistically 

similar in isochronous and non-isochronous conditions. Moreover, the local variances of 

asynchronies were similar between different non-isochronous metronomes for a fixed CV 
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(Chapter 3, Experiment 2). It further became evident that the presence of (any kind of) 

fluctuations in the inter-onset intervals of the metronome did not explain the presence of 

persistent fluctuations in stride-time series. Indeed stride-time series were anti-persistent 

without any long-range correlations in the onset series. Further studies should investigate the 

continuum of Hurst-exponents from 0.5 to 0.9 with small increments and the same 

metronome for all participants to observe whether a threshold can be identified where stride 

intervals switch from anti-persistent to persistent fluctuations.  

Experiment 1 showed that the CV of metronome onsets must remain within a limited 

range, ideally the range of biological variability. Too much variability in the inter-onset 

structure could lead to increased reaction processes, as suggested by the increase of windowed 

cross-correlations between stride-time and onset series, and by the increase of the standard 

deviation (and local variance) of the asynchrony series. These quantitative results were 

confirmed by the subjective appreciation of participants of the tasks: ISO, CV 0.5% and 

CV 1% were perceived to have the same level of (low) difficulty, while the difficulty of the 

task was perceived to increase with increasing CV. However, the adaptation of this protocol 

for pathological populations will have to be based on further investigations. For example, 

given that persons with Parkinson’s disease present higher CV-s of stride intervals (Hausdorff, 

2007; 2009), it will have to be determined if the CV of the onsets must remain within the 

range of natural ‘healthy’ variability, or within the range of natural ‘specific population’ 

variability. Ideally, the fluctuations should not induce any spurious ‘dual task’ effects by 

increasing the attentional demands (Peper et al., 2012). This relates to the problem of the 

perception of variability in acoustic stimulation.  

Hennig et al. (2011) reported evidence for the ability of humans to perceive 1/f-

fluctuations in music and their preference for this structure compared to ‘uncorrelated music’. 

Chapter 3 confirmed these results in the context of sensori-motor synchronization: 

participants subjectively perceived the variability of the metronomes (see answers to the 

questions, Intermezzo 2), and they matched their stride-time structure to the metronome 

structure only when 1/f-fluctuations were present in the onset intervals. An essential limitation 

of this line of thinking is that the local variance is theoretically inversely proportional to the 

level of persistence within the signals, that is for signals with different Hurst-exponent but 

similar CV (Torre & Balasubramaniam, 2011). Further studies should investigate whether 

constant values of local variance in inter-onset intervals could modify the perception of 

variability.   



 

 

 

What control processes are involved in such a synchronization task?  

 

The complexity matching observed between participants and external rhythms in 

Chapters 2, 3, and 4 suggested that ‘strong anticipation’ as underlying control process might 

be a likely candidate. The absence of local cross-correlations between time series supported 

the assumption that the correlation between fractal exponents could not have simply been the 

consequence of the alignment of discrete events. In Chapter 5, the validity of the global strong 

anticipation hypothesis was questioned. I showed that a model of stride-time production based 

on the correction of the three previous asynchronies did a better job at reproducing the 

experimental time series characteristics, independent of the structure of fluctuations. Recently, 

Torre et al. (2013) showed that a model, based on a copy of the previous inter-onset interval 

and of the asynchronies, could reproduce the inter-tap time series of a finger tapping 

synchronization task with non-isochronous metronomes. This seems to support a local form 

of strong anticipation: an appropriate coupling between the organism and its environment 

(Stephen & Dixon, 2011; Stepp & Turvey, 2009). It is thereby noteworthy that behavioral 

matching is likely to induce short-term corrections, due to the specific instructions to 

participants to accurately synchronize with the external rhythms.  

The metronomes presenting 1/f-fluctuations differed from the others in several aspects. 

First, these formed the only condition where participants produced persistent fluctuations 

when synchronizing. It was also the only condition where a complexity matching occurred, as 

revealed by the correlation between fractal exponents. This result suggested that the presence 

of 1/f-fluctuations could be the cause of complexity matching, but this assumption was refuted 

in Chapter 4, where a complexity matching was observed between leader and follower 

exponents, even when the leaders presented anti-persistent fluctuations. Finally, the DCCA 

results (Chapter 5) indicated higher ‘long-range cross-correlations’ when the metronome 

onsets presented long-range correlations.   

 

Does complexity matching occur during absolute coordination with 1/f-rhythms? 

 



Previous studies provided evidence for complexity matching between behavioral time 

series and chaotic metronome onset series, characterized by a high correlation between fractal 

exponents (Stephen et al., 2008; 2011). However the authors reported that participants did not 

accurately synchronize their behavior with the metronome onsets. I highlighted a complexity 

matching effect in absolute coordination tasks, independent of the nature of the external 

rhythms (human or metronome).  

The present thesis only addressed the special case of complexity matching during 

intentional coordination tasks. This choice allowed comparison of isochronous and non-

isochronous pacing conditions. Intentional coordination can be considered as only one 

(simplified) form of complexity matching, namely behavioral matching, based on the 

intended alignment of temporal events. West et al. (2008) proposed that complexity matching 

is also likely to occur between different systems that are not necessarily locally matched (for 

example between heartbeat intervals and cortical fluctuations). This is not a temporal but a 

distributional alignment of events, which corresponds to a distributional matching (Abney et 

al., 2013). Importantly, the complexity matching observed in my work was present only in the 

long-range regions of the diffusion plots. The DCCA results supported this finding, with only 

low coefficients for small windows but increasing coefficients with increasing window size. It 

is however noticeable that the DCCA tends to ‘inflate’ the cross-correlation for large 

windows (Delignières & Marmelat, 2014).  

 

Does behavioral matching lead to distributional matching independent of the 

stimulation properties?  

 

Behavioral matching was defined as a pure alignment of events (minus some errors). It 

might therefore seem trivial to expect distributional matching from behavioral matching if the 

events were perfectly matched. However, in spite of a relatively high accuracy of 

synchronization for any metronome, the fractal exponents of stride-time series from 

participants matched those of the metronome onset series only for the fractal metronome 

(Chapter 3). In other words, behavioral matching was not sufficient to induce distributional 

matching. Moreover, the fractal exponents never correlated in the short-range regions, in any 

experiment presented in this thesis.  

It is interesting to compare the condition H02 (Chapter 3) and the condition ISO 

(Chapter 4), because in both conditions participants were instructed to synchronize with an 



‘anti-persistent’ rhythm. The fractal exponents were not correlated in the short-range regions 

in the two conditions, but they did correlate in the long-range region during the ISO condition. 

These two conditions presented notable differences: the coupling (visual vs auditory, 

continuous vs discrete) and the nature of the external stimulation (metronome vs human). This 

opens up a new set of questions about the conditions of the complexity matching. Does a 

continuous coupling always lead to a distributional matching? Can we obtain the same result 

for the synchronization with ‘fractal stepping stones’ (Bank et al., 2011)? 

 

Methodological considerations 

 

It was recently shown that persons with Parkinson’s disease walking with an 

interactive walk-mate system increased the fractal exponent of their stride-time series towards 

healthy levels (Hove et al., 2012; Uchitomi et al., 2013). The authors showed that this effect 

occurred only with the interactive walk-mate system but not with a fixed tempo or 1/f-tempo. 

However, participants were not explicitly instructed to synchronize with the stimuli in any of 

the conditions. They did not synchronize with the fixed or 1/f-tempi, but did synchronize with 

the walk-mate system due to the system’s characteristics. It remains unclear if the increase of 

fractal exponent was due to the interactive walk-mate system or if it was a consequence of the 

synchronization with a non-isochronous stimulus. The different experimental situations 

presented in Chapters 2 to 4 presented intended synchronization, i.e. participants were always 

instructed to follow the beat of a metronome or the movement of a human partner. This 

choice was highly motivated by the intention to compare fractal cueing with more traditional 

isochronous cueing. Further investigations should compare the effect of the ‘intention to 

synchronize’ on the fractal exponents.  

In the present thesis, all walking tasks were conducted on a treadmill. Treadmill and 

over-ground walking present notable differences: treadmill walking is associated with a 

higher metabolic cost through increased heart rates and oxygen uptakes (Parvateneni et al., 

2008). However, it seems well established that gait kinematics is rather similar during 

treadmill and over-ground (Parvateneni et al., 2008; Riley et al., 2007). There is no such 

consensus concerning the effect of treadmill on the fractal exponent of stride intervals. Terrier 

and Deriaz (2011) showed that treadmill walking significantly reduced the fractal exponents 



of stride-time series (although fluctuations were still persistent). They suggested that the 

treadmill could act as a pacemaker and thus lead to the reduction of the fractal exponents as 

observed for auditory paced walking (Hausdorff et al., 1996). In contrast, Chang et al. (2009) 

found no differences in the fractal exponents of stride-time series between over-ground and 

treadmill conditions, but an increase when a front handrail supported treadmill walking. 

Bollens et al. (2010) also found no differences between over-ground and treadmill walking 

performed on different days. Moreover, they showed that treadmill results were reproducible 

between sessions performed on consecutive days. The authors thus concluded that treadmill 

walking represents a valid tool for the assessment of stride-time dynamics. It is noteworthy 

that all these studies included only a relatively small sample of participants, and did not use 

the same methods for estimating fractal exponents. Further investigations should include (i) a 

large group of participants, (ii) repeatable conditions in order to validate the reproducibility of 

fractal exponent estimations, and (iii) sufficiently long recordings, in order to reduce the 

variability of the individual estimation of the fractal exponents.  

The accuracy of the estimation of fractal exponents is closely related to the length of 

the time series. The estimation of the ‘true’ scaling-exponent requires theoretically unbounded 

time series of infinite length (Eke et al., 2000), so physiological time series should be 

recorded over very long time lengths. But fractal analyses are only relevant when the system 

under study remains ‘stable’ over time, and the lengthening of the experimental condition 

might lead to increased level of fatigue or decreased level of attention (Madison, 2001), and 

thus to non-stationarity. It was therefore necessary to find an adequate compromise between 

these two constraints. Weron (2002) showed that DFA was the best candidate for any time 

series length. In particular he found a standard deviation of 0.12 for series of 256 points 

(H = 0.5). Delignières et al. (2006) confirmed that the DFA was the more reliable method for 

stationary ‘short’ time series (256 or 512 points) with Hurst-exponents ranging from 0.1 to 0.9. 

It was noticeable that the standard deviation of the fractal exponents increased for persistent 

time series (H > 0.5). Damouras et al. (2010) recently compared the estimation of the fractal 

exponent from the DFA for stride-time series of different lengths in over-ground and 

treadmill walking. They recommended a minimum time series length of 500 points for 

estimating the fractal exponents with a standard deviation of 0.5. Pierrynowski et al. (2005) 

also suggested that three repetitions of the same 6-min condition should provide a reliable 

estimation (reliability of 0.821) of the fractal exponent of stride-time series. However, the 

different experimental situations considered in this thesis did not allow for so many 



repetitions, due to the large number of different conditions. Future investigations should focus 

on fewer conditions each repeated more often, in order to increase the estimation accuracy of 

the fractal exponents, while preventing participants from becoming fatigued or disinterested.  

Only one variable was recorded and analyzed during the different experiments 

(oscillations series or stride time series). It was recently reported that stride speed series 

present anti-persistent fluctuations during treadmill walking (Dingwell & Cusumano, 2010). It 

would have been interesting to also record the stride length and stride speed series to gain 

insight into the control processes during non-isochronous pacing.  

Finally, if external fractal rhythms help to preserve persistent fluctuations in 

behavioral time series, what is the ‘metabolic cost’ for this effect? Externally paced walking 

is associated with increased attentional demands (Peper et al., 2012), and likely also with a 

higher energetic expenditure. A major challenge is to use the external fractal rhythms to 

increase the stride-time dynamics in diseased populations but this can be done only if the 

stimulation conditions do not imply critical metabolic increases.  

 

Future directions 

 

What should be the properties of a fractal metronome for diseased populations? 

 

A potential application of the present findings is the use of metronomes containing 

long-range correlations to improve stride-time dynamic in elderly or patient populations such 

as individuals suffering Parkinson’s disease. Several studies have reported modification of the 

stride-time dynamic in Parkinson’s disease using interactive metronomes (Hove et al., 2012; 

Uchitomi et al., 2013). From a distributional matching perspective, one would expect a 

correlation between the fractal exponents of the metronomes and those of the stride-time 

series of subjects with Parkinson’s disease. Investigating non-isochronous pacing strategies 

for patient populations introduces several methodological issues. For example, should the 

metronome CV be based on the healthy population (i.e. stride time CV = 1%), or on the 

population under study (i.e. stride time CV up to 8.8 ± 7.9 % for Parkinson’s disease; 

Schaafsma et al., 2003)? Another important issue concerns the type of stimulation applied to 



these populations. For example, Hove et al. (2012) and Huchitomi et al. (2013) showed that 

an interactive auditory rhythm can increase the fractal exponent of stride-time series in 

persons with Parkinson’s disease, with a significant post-effect. It would be interesting to 

investigate different forms of auditory stimulation with 1/f-structures, such as an interactive 

metronome, a fractal metronome or music to check if the increase of fractal exponent was due 

to the specific interactive metronome or only to the presence of fluctuations in the auditory 

stimulation.  

In view of the results of Chapter 4, it is necessary to compare the ‘human pacing’ 

strategy for elderly persons and persons with Parkinson’s disease. Auditory and visual cueing 

improve stride length and stride speed (Azulay et al., 1998; Spaulding et al., 2013). In 

particular, placing parallel white stripes on the floor has been shown to improve the 

locomotion of Parkinsons patients (Azulay et al., 1998). To my knowledge, there is currently 

no study investigating the effect of interpersonal coordination elderly or Parkinson patients. 

This perspective raises a number of questions: Could interpersonal coordination in 

Parkinson’s disease reduce the freezing of gait? Could walking side-by-side with a young 

healthy person increase the fractal exponent of stride-time series of elderly? Interpersonal 

coordination and auditory cueing refering to different mechanisms (visual dependence and 

auditory dependence, respectively), it would thus be necessary to compare the efficiency of 

each form of stimulation as well as their combination (Spaulding et al, 2013).  

 

Does complexity matching occur during unintentional synchronization?  

 

As emphasized earlier, the nature of the task, i.e. intentional synchronization, leads to 

short-term dependencies to avoid large divergences from the external rhythm. Moreover, 

absolute intentional synchronization is rare in ecological situations, with some exceptions 

(like in rowing, synchronized swimming or military parade). The research reported in this 

thesis showed that behavioral matching did not necessarily induce distributional matching (cf. 

Chapter 3). Does the complexity matching depend on the intention to synchronize? This 

question could be easily verified, for example by replicating the experiment in Chapter 4 but 

now with ‘unintentional synchronization’ conditions before the ‘intentional conditions’. 

Nessler et al. (2011) reported that the fractal exponent of stride intervals during unintended 

interpersonal coordination remained unchanged compared to an individual condition, while it 

decreased during intentional coordination. The authors only recorded one participant within 



each pair, so it is impossible to evaluate the presence of complexity matching. They suggested 

that unintentional coordination helps to preserve the natural stride-time dynamic, but it could 

be that participants walked at their own rhythm, with a very limited influence of their 

partner’s stride-time dynamics. It would therefore be useful to investigate unintentional 

interpersonal coordination for a participant with a reduced stride-time fractal exponent. It 

could be an elderly or a person with Parkinson’s disease, but it follows from the findings in 

this thesis that it could also be a healthy participant synchronizing with isochronous or anti-

persistent metronomes, in which participant stride time series would present anti-persistent 

fluctuations. For example the participant could be instructed to walk (i) on his own paced by a 

metronome, (ii) side-by-side with another participant and paced by a metronome, and (iii) 

side-by-side with another participant without a metronome. This could allow determining the 

influence of unintentional interpersonal coordination on the gait fractal dynamics.  

 

Can complexity matching occur between multiple systems?  

 

In general, synchronization has been studied in one of two situations: between a 

participant and a metronome (for a review, see Repp, 2005; 2013) or between two participants 

(Schmidt et al., 2011). Only recently have a few studies focused on interpersonal coordination 

with more than two participants (Richardson et al., 2012) using only behavioral matching 

variables (relative phases mean and SD). The analysis of the complexity matching between 

multiple participants could open new perspectives. For example, is there an ‘attraction’ to the 

participant with the highest fractal exponent, or is there a ‘mean fractal exponent’ 

representing some average of individual values? Recently Konvalinka et al. (2011) showed 

that the heartbeat dynamic of a fire-walker synchronized with a related spectator (e.g., his 

wife), but not with a unrelated spectator – a representative example of unintentional 

synchronization between two socially connected participants.  

Synchronization could also be analyzed between multiple human subsystems. 

According to its fundamental assumptions, the complexity matching effect could also occur 

within complex systems (West et al., 2008). The human body is a complex system as a whole, 

composed of multiple interacting complex subsystems (like the heart, the brain, each of them 

composed of multiple cells regrouped in areas…). From this perspective, there might exist a 

complexity matching between the time series produced by different human subsystems during 

rhythmic activities. Testing this possibility brings along several methodological challenges, 



both with regard to the experimental recordings (e.g., it remains difficult to record EEG 

during ecological situations such as walking) and with regard to the analysis of the recorded 

time series (e.g., trends in the heartbeat fluctuations in walking could be influenced by the 

task itself). If tested, this complexity matching effect could lead to new research questions: 

Can we change the fractal dynamic of heartbeat fluctuations by simple walking (in 

synchronization with an external fractal rhythm or not)?  

Very recently, Smit et al. (2013) showed that the structure of behavioral fluctuations 

can be predicted from the structure of fluctuations in oscillatory brain activity. This might be 

interpreted as a particular form of distributional matching. But beyond the perspective of 

‘complexity matching’, I believe it will become more and more urgent to record different 

subsystems synchronously. Not only will this help to gain further insight into the underlying 

biological processes and their interactions, but also to identify potential new non-invasive 

biomarkers for preventing neurodegenerative diseases and for improving rehabilitation.  

	  


